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ABSTRACT 
 Infectious disease dynamics are inherently shaped by the distribution, ecology, 
and genetic variation of hosts. Conversely, pathogens exert powerful influences on hosts 
through demographic processes and natural selection. These tenets of disease ecology and 
evolutionary biology are illustrated in the case of white-nose syndrome (WNS), an 
emerging infectious disease of hibernating bats. WNS first emerged in 2006 and spread 
rapidly throughout eastern North America, causing massive declines in bat populations. 
To understand how host ecology and spatial distribution influence the spread of WNS, I 
evaluated risk models of colony-level correlates, including bat colony size, species 
composition, behavior, and gene flow. WNS was more likely to emerge in large colonies 
first, and species composition and behavior were also significant predictors of risk. 
Spatial spread was predicted by population genetics of little brown myotis (Myotis 
lucifugus), indicating coupling of host gene flow and pathogen dispersal, and potential for 
the application of landscape genetics to predict future spread. To guide management and 
evaluate pre-existing genetic diversity, I assessed population genetic structure of little 
brown myotis using restriction site-associated DNA sequencing (RAD-seq). RAD-seq 
	  	   vii 
data revealed two populations divided by the Rocky Mountains, with high gene flow 
between the distributions of putative subspecies. Demographic analyses and genome 
scans suggest adaptive genetic variation, variation that may be threatened by WNS in 
eastern North America. Drastic declines from WNS have likely imposed strong selection, 
and recent stabilization of populations near the disease epicenter suggests that resistance 
may have evolved in the host population. I generated whole genome sequence data for 
bats sampled before and after declines to test for demographic changes and natural 
selection. Average genomic differentiation and nucleotide diversity indicated little 
demographic change between the two periods, but preliminary analyses suggest genomic 
regions of differentiation combined with decreased nucleotide diversity in post-WNS 
relative to pre-WNS samples, hinting at a pattern of natural selection. Additional samples 
and in-depth analyses are necessary to robustly test these patterns; however, identification 
of signatures of selection in the bat genome would be an exciting indication of a rapid 
evolutionary response to an introduced disease. 
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CHAPTER 1: Risk factors associated with mortality from white-nose syndrome 
among hibernating bat colonies 
Abstract 
 White-nose syndrome (WNS) is a disease responsible for unprecedented mortality 
in hibernating bats. First observed in a New York cave in 2006, mortality associated with 
WNS rapidly appeared in hibernacula across the northeastern United States. I used yearly 
presence-absence data on WNS-related mortality among hibernating bat colonies in the 
Northeast to determine factors influencing its spread. I evaluated hazard models to test 
hypotheses about the association between the timing of mortality and colony-level 
covariates, such as distance from the first WNS-affected site, colony size, species 
diversity, species composition, and type of hibernaculum (cave or mine). Distance to 
origin and colony size had the greatest effects on WNS hazard over the range of 
observations; the type of hibernaculum and species composition had weaker effects. The 
distance effect showed a temporal decrease in magnitude, consistent with the pattern of 
an expanding epizootic. Large, cave-dwelling bat colonies with high proportions of 
Myotis lucifugus or other species that seek humid microclimates tended to experience 
early mortality. My results suggest that the timing of mortality from WNS is largely 
dependent on colony location, and large colonies tend to be first in an area to experience 
high mortality associated with WNS. 
Introduction 
 White-nose syndrome (WNS), a disease of hibernating bats, was first observed in 
2006 in Howes Cave, a commercial cave in upstate New York (Figure 1.1). Shortly 
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thereafter, WNS appeared in hibernacula across the northeastern United States (US) 
leading to unprecedented declines in hibernating bat populations (Frick et al. 2010). 
Mortality rates in WNS-affected colonies frequently exceed 90 percent, and regional 
extinction of a previously common species has been predicted (Frick et al. 2010). 
 WNS is associated with a cold-adapted fungus, Pseudogymnoascus destructans, 
that invades exposed skin of bats, and grows maximally at temperatures typical of bat 
hibernacula (5-10°C (Blehert et al. 2009)). WNS is characterized by cutaneous fungal 
infection, depleted fat reserves, damaged wing tissue, and abnormal behavior (Blehert et 
al. 2009). The fungus infects all six hibernating bat species in the northeastern US, 
probably with differential effects (Cryan et al. 2010). P. destructans has also been 
identified from bat species throughout Europe with no evidence of mass mortality, and 
was probably present in Europe well before its discovery in the US (Puechmaille et al. 
2011).  
 Using data on the timing of WNS-related mortality (hereafter “WNS”) in 
hibernacula in the northeastern US (Figure 1.1), I assessed ecologically plausible hazard 
models of WNS emergence patterns among mixed-species colonies of hibernating bats. 
Based on a survival distribution, in this case the time until WNS occurs in colonies, 
hazard models examine the influence of covariates on the instantaneous rate of arrival of 
WNS to colonies (i.e., the hazard rate). Covariate coefficients represent the multiplicative 
effect on the hazard rate of an increase in the covariate (Cox 1972; Fox 2002).  
 I predicted that if the spatial pattern of WNS is consistent with an expanding 
epizootic, hibernacula closest to the origin would initially have higher hazard rates than 
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distant hibernacula, but over time the effect of distance on hazard rate would decrease. I 
also predicted that pathogen introduction, contact rates, and thus hazard rates, increase 
with colony size. In the light of potential variation in susceptibility and hibernating 
behavior among bat species (Brack 2007; Cryan et al. 2010; Davis 1970), I tested the 
influence of species diversity, often important in prevalence of infectious disease 
(Keesing et al. 2010), and the influence of proportions of individual species. Higher 
proportions of species that hibernate in dense clusters (Brack 2007), or in relatively 
humid conditions ideal for fungal growth, may increase hazard rates (Cryan et al. 2010). I 
predicted that hazard rates may differ in caves and mines because of contrasting 
microclimatic regimes or potential differences in dispersal behaviors of bats in caves and 
mines (Davis & Hitchcock 1965). I aimed to identify characteristics that affect colony-
level risk of WNS, and determine the relative influence of these characteristics on the 
emergence of WNS in hibernacula across the northeastern US. 
Methods 
 To identify factors associated with colony-level risk of WNS, I used data on 
colony size and species composition from the most recent complete winter census of 
hibernating bats prior to WNS from 73 hibernacula in New York, Pennsylvania, 
Connecticut, Vermont, and Massachusetts (Figure 1.1). Census methods are described 
elsewhere (2010). WNS was identified by the presence of abnormal numbers of bat 
carcasses or substantial population decline, combined with WNS symptoms (fungal 
growth and aberrant behavior (Blehert et al. 2009). WNS-affected sites were visited and 
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confirmed unaffected prior to the year they experienced WNS-related mortality. 
Unaffected sites were considered to be unaffected in all previous years. 
 The Cox proportional hazards model is a class of survival models, where the 
hazard function (the exponential distribution of survival-to-event times) describes the 
instantaneous risk of an event taking place at time t (Cox 1972; Fox 2002). In this case, 
the event time is the winter that WNS-related mortality was first experienced in a 
hibernating bat colony. Survival analyses typically model the relationship between the 
hazard function and covariates of interest using a linear-like model, for example 
. 
The Cox model differs from other survival models in that it does not specify the baseline 
hazard function, , but allows it to take any form (Fox 2002). In this way, 
two observations that differ in covariate values 
 
€ 
η j = β1x j1 + β2x jk + ...+ βk x jk  
have a hazard ratio from which the baseline hazard function is disregarded, 
 
. 
Hazard ratios are the multiplicative effect on the hazard function associated with one set 
of covariate values relative to another (Fox 2002). 
€ 
loghi(t) =α + β1xi1 + β2xik + ...+ βk xik
€ 
α(t) = logh0(t)
€ 
ηi = β1xi1 + β2xik + ...+ βk xik
€ 
hi(t)
h j (t)
=
h0(t)eη i
h0(t)eη j
€ 
hi(t)
h j (t)
=
eη i
eη j
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 In my analysis, observations were hibernating bat colonies and covariates were 
descriptive at the level of the colony. Because all colonies were not necessarily surveyed 
in every year, count data used in the models were taken from the most recent complete 
survey. The direct, easily observable mortality events from WNS occur during the 
hibernating season (October to April), and thus data on the timing of WNS are discrete 
and yearly (winter 2006-2007, 2007-2008, 2008-2009, 2009-2010). To avoid time biases 
in incidence data as a result of increased ability to detect early stages of WNS, including 
presence of P. destructans through PCR laboratory tests, during the study period (2006-
2010), I used substantial WNS-related mortality as my response variable. To avoid late 
assignment of WNS-mortality, WNS-affected sites were included in the model only if 
they were visited and confirmed unaffected in the previous year. WNS-negative sites 
were considered negative up to the last year they were surveyed for WNS.  
 All covariates were tested for validity of the proportional hazards ratio 
assumption of the model (i.e., coefficients of covariates are constant over time) using 
scaled Schoenfeld residuals with a Kaplan-Meier estimate of the survival function 
(Grambsch & Therneau 1994). Covariates that failed to meet the assumption of 
proportional hazards were run with a time interaction that accounted for the change in 
proportional hazard with time (Fox 2002). Potential outliers within the data were 
identified by standardized dfbeta values > 1.0 or ≤ 1.0, and non-linearity was diagnosed 
using Martingale residual plots and partial residual plots against covariates. 
 I used Akaike’s information criterion with small sample size correction (AICC) to 
select among competing candidate models constructed from a priori hypotheses based on 
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knowledge of bat biology and ecology, and the available information on WNS and its 
putative pathogen P. destructans (Burnham & Anderson 2003). Because the majority of 
the species composition and diversity covariates were highly correlated, these covariates 
were run separately in competing models. Candidate models included all combinations of 
the covariates distance to origin, colony size, and hibernaculum type, and all 
combinations with one of the percent species or diversity covariates (n = 56 candidate 
models). AICC weights were calculated according to Burnham and Anderson (Burnham 
& Anderson 2003). The relative variable importance, w+(j), for each covariate was 
calculated by summing all model weights that contained the respective covariate. Model-
averaged covariates were calculated by summing the product of the covariate estimate 
and the model AICC weight for all models, and dividing by w+(j) (Burnham & Anderson 
2003). 
Results 
 Forty-four hibernacula experienced WNS-related mortality and 29 were 
unaffected at last observation (Figure 1.1). Two models were equally parsimonious 
(ΔAICC < 2; Table 1.1). Distance to origin, distance to origin × year, and colony size had 
strong support. Support was somewhat weaker for hibernaculum type, and was equivocal 
for percent humid species and percent M. lucifugus (Table 1.2). 
 Distance had the greatest effect on hazard rate over the range of observations 
(Figure 1.2). Each additional km from the origin decreased the hazard rate by about 3.9% 
in 2007 (exp(β) = 0.961); however, the effect of distance decreased with time (distance to 
origin × year, exp(β) = 1.008; Figure 1.2A). A ten-fold increase in colony size more than 
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doubled the hazard rate (exp(β) = 2.463). The median WNS year for a large colony (> 
1000 bats) was 2009, whereas the median small colony (≤ 1000 bats) remained 
unaffected until at least 2010. Mean distance to origin did not differ between small and 
large colonies (t-test, p = 0.566). Caves had nearly twice the hazard rate of mines (exp(β) 
= 1.933). The percent humid species was weakly associated with WNS hazard, with each 
percent humid species increasing the hazard rate by 1.8% (exp(β) = 1.018). Each percent 
M. lucifugus increased the hazard rate by 1.4% (exp(β) = 1.014). Strong outliers and non-
linearity were not present in top models. 
Discussion 
 The pattern of spread of WNS-related mortality among hibernacula is consistent 
with an expanding epizootic. In 2007, sites near the origin had substantially higher hazard 
rates than distant sites, but over time as the infection spread across the region, distance 
offered less protection from WNS (Figure 1.2A). Spatial expansion of WNS has been 
observed using information on WNS presence, but to my knowledge has not yet been 
quantitatively analyzed using presence and absence data. This pattern of spread in 
combination with the high mortality of North American bats to WNS, the widespread 
distribution of P. destructans and lack of mass mortality of bats in Europe (Puechmaille 
et al. 2011) suggest that this fungus may have been introduced to North America. New 
geographic foci do not confirm an exotic pathogen (Randolph & Rogers 2010), however, 
and whether P. destructans was introduced from Europe or this epizootic results from an 
in situ pathogenic mutation remains an important unanswered question. 
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 WNS hazard rate roughly doubled with each ten-fold increase in hibernating bats 
in a colony, and large colonies experienced earlier mortality than small colonies. If more 
bats prefer sites with optimal conditions for fungal growth, the effect of colony size may 
be indirect. Alternatively, more bats occupying a hibernaculum may increase the 
probability of pathogen introduction, or may increase host density and contact rates, 
thereby increasing the force of infection and reducing the time to substantial mortality 
(Anderson & May 1991). The same principle may be expected for species that hibernate 
in dense clusters, but this trend was not detectable in colony-level timing of WNS (Table 
1.2). Variability in clustering behavior among conspecifics, however, may limit species 
composition as an indicator of host density.  
 My analysis suggests that colonies in caves had a higher hazard rate than those in 
mines. Mechanisms for this pattern are unclear, but two processes could contribute. First, 
there is some evidence that mines may be occupied by more localized bat populations 
than caves, possibly because mines are relatively new habitats (1965). More widely 
dispersing populations would be more likely to overlap with the distribution of a 
pathogen, thereby becoming exposed first; however, differential dispersal between bats in 
caves and mines has yet to be directly or systematically tested. Second, abiotic factors 
known to influence fungal growth such as relative humidity, roost substrate and ambient 
temperature may differ between caves and mines (Stomeo et al. 2009). Future studies on 
dispersal distances and microclimatic regimes are needed to identify the causal 
mechanisms underlying these empirical observations. 
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 I detected a weak positive association between WNS hazard rate and the 
proportion of bat species that seek humid microclimates, possibly because humid 
conditions are ideal for fungal growth. Alternatively, species that choose these conditions 
may be less able to cope with evaporative water loss from wing damage caused by 
infection (Cryan et al. 2010). Because humid species were mainly M. lucifugus at my 
sites, and variability in species composition was low (Figure 1.2C-D), I was unable to 
distinguish between models including one of these two covariates (Table 1.1). My results 
suggest that M. lucifugus may be particularly vulnerable to early mortality from WNS, 
possibly as a result of their preferred humid microclimate. Although species composition 
had relatively weak influence on the colony-level timing of WNS, it may markedly 
influence the severity of bat mortality within colonies. Future analyses comparing bat 
mortality rate across colonies and its relationship to species composition and other 
variables are critical for understanding disease dynamics and devising future conservation 
strategies. 
 Given that WNS-affected colonies of M. lucifugus experience mean first-year 
mortality of 85% (Frick et al. 2010), the strong dependence of WNS on colony location 
relative to other factors (Figure 1.2) does not bode well for populations within and near 
the expanding epizootic, as the largest colonies in a region are first to decline. These 
findings highlight the urgency of the threat to temperate insectivorous bat populations 
and the need for increased research and resources for the control of WNS. 
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Table 1.1. 
Cox proportional hazards models of WNS among hibernating bat colonies in the northeastern US (AICC weight 
> 0.05), with degrees of freedom (df), Akaike’s information criterion (AICC), difference from lowest AICC score 
(ΔAICC), and AICC weights (w).  
Covariates df AICC ΔAICC w 
Distance to origin + distance to origin × year + 
colony size + hibernaculum type + % humid species 
5 226.07 0 0.228 
Distance to origin + distance to origin × year + 
colony size + hibernaculum type + % M. lucifugus 
5 226.70 0.64 0.166 
Distance to origin + distance to origin × year + 
colony size + % M. lucifugus 
4 228.35 2.28 0.073 
Distance to origin + distance to origin × year + 
colony size + hibernaculum type + SRD 
5 228.41 2.34 0.071 
Distance to origin + distance to origin × year + 
colony size + hibernaculum type  
4 228.70 2.63 0.061 
Distance to origin + distance to origin × year + 
colony size + SRD 
4 228.92 2.86 0.055 
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Table 1.2. 
Coefficient estimates (β), standard errors (SE), 95% confidence intervals (95% C.I.), exponent of coefficients 
(exp(β)), and relative weights (w+(j)) of covariates from hazard models of WNS among hibernating bat colonies 
in the northeastern US. Coefficients were adjusted for model selection uncertainty using all models containing 
the respective covariate.  
Covariate β SE 95% C.I. exp(β) w+(j) 
Distance to origin -0.040 0.009 -0.058, -0.022 0.961 1.000 
Distance to origin × year 0.008 0.002 0.004, 0.013 1.008 1.000 
Log10(colony size) 0.734 0.268 0.210, 1.258 2.083 0.969 
Hibernaculum type 0.659 0.349 -0.025, 1.343 1.933 0.666 
% Humid species 0.018 0.012 -0.006, 0.042 1.018 0.278 
% M. lucifugus 0.014 0.009 -0.005, 0.033 1.014 0.246 
SRD -0.666 0.497 -1.640, 0.308 0.514 0.131 
% Clustering species 0.015 0.012 -0.008, 0.039 1.016 0.095 
% E. fuscus -0.024 0.033 -0.088, 0.040 0.976 0.075 
% P. subflavus -0.014 0.027 -0.067, 0.039 0.986 0.045 
% M. septentrionalis -4.86 × 10-4 0.018 -0.036, 0.035 1.000 0.034 
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Figure 1.1. 
Hibernating bat colonies in hazard models of WNS in the northeastern US. Symbols indicate the winter year 
that WNS first occurred in the colony. 
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Figure 1.2. 
Hazard ratios over the observed range of covariate values relative to the median (vertical lines) for, A) distance 
from the origin of WNS in the northeastern US for winter years 2007-2010, B) colony size, C) % humid species, 
and D) % Myotis lucifugus. Shading indicates 95% confidence intervals. See Table 1.2 for distance to origin 
confidence intervals. Bottom panels are kernel density plots of covariate distributions. 
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CHAPTER 2: Landscape genetics of a host predicts spread of an emerging 
infectious disease: White-nose syndrome and connectivity among winter bat colonies 
Abstract 
 Landscape complexity shapes the dispersal of organisms over space, influencing 
the spread of genes as well as infectious diseases across populations. The potentially 
coupled processes of gene flow and pathogen dispersal enable the use of landscape 
genetics to provide insight into dynamics underlying the spatial spread of emerging 
infectious diseases. I applied this concept to the recently emerged white-nose syndrome 
(WNS), a multi-host fungal disease of hibernating bats. The pattern of spread of WNS 
from its original site of emergence in New York State did not follow a simple spatial 
diffusion pattern, but appeared as far south as southern Virginia before reaching into far 
western New York. I used population genetics to measure connectivity among winter 
colonies of little brown myotis (Myotis lucifugus), a common host of WNS. I explicitly, 
quantitatively tested the relationship between population genetic structure and spatial 
disease spread, evaluating mixed-effects, logistic regression models of WNS risk among 
colonies in eastern North America. I hypothesized that genetic differentiation was 
negatively associated with contact rates, and thus the likelihood of pathogen introduction, 
between infected and susceptible colonies. I sequenced 871 restriction site-associated 
DNA loci comprising over 83 kb, and a portion of the mitochondrial cytochrome b gene. 
Neither marker type had a significant isolation by distance pattern, suggesting variation 
in connectivity of colonies beyond their spatial separation over the landscape. Despite 
very weak structure of the nuclear genome throughout eastern North America, and 
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moderate structure of cytochrome b, inclusion of genetic covariates in models of WNS 
risk significantly improved model fit. This was particularly true in the eastern part of the 
study area including the Appalachian region, where genetic differentiation between 
infected and susceptible colonies actually predicted WNS risk better than geographic 
distance. Population genetics of this host species captured spatial heterogeneity in colony 
connectivity across the Appalachians, explaining the rapid southward spread of WNS 
from its epicenter and delayed emergence in colonies west of the origin. These results 
demonstrate that inclusion of population genetic data, an indirect measure of current and 
historical host dispersal, can account for variability in rates of pathogen introduction to 
uninfected sites even in a multi-host system, allowing for more accurate estimation of 
environmental and ecological correlates of infectious disease dynamics. 
Introduction 
 The spatial spread of emerging infectious diseases is driven by ecological 
processes that vary over complex landscapes. For many of these processes, the 
geographic distribution of genetic variation in hosts and pathogens can reveal 
mechanisms influencing disease dynamics across space and time (Archie et al. 2009; 
Biek & Real 2010). Landscape genetics have been applied to the arena of disease ecology 
and epidemiology in several ways: to identify sources of infection, reservoir hosts or 
refugia for pathogens (Girard et al. 2004; Rambaut et al. 2008); to elucidate pathogen 
invasion and spatial diffusion dynamics (Biek et al. 2007; Holmes 2004); and, less 
commonly, to assess host connectivity over heterogeneous landscapes to parameterize 
rates, mechanisms and routes of pathogen dispersal (Blanchong et al. 2008; Cullingham 
	  	  
17 
et al. 2009; Cullingham et al. 2008). Here, I focus on the latter application, using host 
population genetics as an indirect estimate of dispersal patterns underlying the spatial 
spread of white-nose syndrome (WNS), an emerging infectious disease of hibernating 
bats.  
 WNS, caused by the fungus Pseudogymnoascus destructans, is a disease of North 
American bats that first emerged in 2006 in a hibernaculum near Albany, New York 
(Blehert et al. 2009; Lorch et al. 2011; Minnis & Lindner 2013). Evidence suggests that 
WNS adds to a growing list of emerging infectious diseases caused by exotic pathogens 
(Lorch et al. 2013; Puechmaille et al. 2011; Warnecke et al. 2012), with consequences to 
population viability of native species (Daszak et al. 2000; Vitousek et al. 1997). In the 
years following its emergence, WNS spread rapidly throughout eastern North America, 
causing massive mortality in several bat host species (Frick et al. 2010; Langwig et al. 
2012; Turner et al. 2011). Experimental evidence indicates that transmission of P. 
destructans to susceptible bats occurs through direct contact with infected individuals 
(Lorch et al. 2011), and P. destructans is also known to persist in the environment (Lorch 
et al. 2013). A pathogen that can infect multiple hosts or persist in the absence of hosts 
can be maintained even as host density dwindles, over time potentially driving the host to 
extinction (De Castro & Bolker 2005; Smith et al. 2006). To date, WNS continues to 
spread, extending as far as 1,600 km from its epicenter in New York 
(https://www.whitenosesyndrome .org /resources/map). The potential for WNS to cause 
extinction of bat species, some of which already face pressures from outside threats such 
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as habitat loss and mortality from wind turbines (Kunz et al. 2007), makes its spread into 
regions harboring important winter populations of great interest to wildlife managers. 
 The rate of spread of WNS across the landscape did not follow a simple diffusion 
pattern (Maher et al. 2012). WNS appeared as far south as southern Virginia before it 
reached western New York. Critical epidemiological parameters of WNS such as 
seasonal variability in transmission rates, infectious dose, incubation period, infectious 
period and host competency are largely unknown. As a result, analyses have been limited 
to broad, landscape-level and colony-level correlates of disease incidence. Analyses of 
landscape-level WNS risk indicate that colony size, species composition, habitat 
patchiness, climate, elevation, and hibernaculum type all influence risk to a colony and 
consequently, the overall pattern of WNS emergence across the landscape (Flory et al. 
2012; Maher et al. 2012; Thogmartin et al. 2012; Wilder et al. 2011). One critical aspect 
not yet accounted for in this and many other systems is how variability in genetic 
connectivity of host populations across the landscape influences pathogen dispersal and 
spatial spread of disease. 
  If bats are the primary mode of dispersal of P. destructans over the landscape, 
then introduction of the fungal pathogen and risk of WNS to susceptible colonies should 
be a function of contact rates between bats from infected and susceptible colonies. I 
hypothesize, first, that bat dispersal and probability of infection decreases with 
geographic distance between colonies; however, heterogeneity in rates of dispersal over a 
given distance may exist as a result of barriers and corridors. Variability in rates of bat 
dispersal may be reflected in patterns of gene flow and population genetic structure 
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between colonies; therefore, second, I hypothesize that the probability of WNS will 
decrease with genetic differentiation between susceptible and infected colonies. 
 Among the most well-studied of WNS host species is the common and wide-
ranging little brown myotis (Myotis lucifugus; Fenton & Barclay 1980). A frequent host 
of P. destructans, the little brown myotis disperses hundreds of kilometers between 
seasons, and within seasons individuals will occasionally relocate to new sites (Davis & 
Hitchcock 1965; Norquay et al. 2013). Range-wide population genetic analyses indicate 
that little browns east of the Rocky Mountains comprise a single genetic population with 
high rates of gene flow of the nuclear genome, and significant structure of mitochondrial 
markers across the Appalachian Mountains (Wilder et al. in prep). In Pennsylvania, 
Miller-Butterworth et al. (2014) observed that three hibernating colonies that were 
genetically differentiated at a mitochondrial locus from colonies across the Allegheny 
Front became WNS-positive later than other colonies in the state. Although this 
observation lends empirical support to the hypothesis that barriers to gene flow may 
indeed also represent barriers to the spread of WNS, it is not statistically robust. 
Furthermore, the study found no significant geographic structure of microsatellite loci, 
leading the authors to conclude that female migration patterns influence the spread of 
WNS. Despite high connectivity of the nuclear genome, rates of gene flow may 
nonetheless differ among sites for biparentally-inherited, nuclear markers, potentially 
leading to variability in rates of introduction of P. destructans to uninfected locations by 
both sexes. 
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 In this study, I explicitly, quantitatively test the relationship between population 
genetic structure among hibernating colonies of little brown myotis and the spatial spread 
of WNS across eastern North America. I hypothesize that nuclear and mitochondrial 
genetic data will significantly improve prediction of WNS risk over models with 
geographic distance alone. For individuals sampled from 20 hibernating colonies (Figure 
2.1), I sequenced a portion of the maternally-inherited, mitochondrial cytochrome b 
locus. To measure the potentially very low differentiation of biparentally-inherited 
markers, I used restriction site-associated DNA (RAD) sequencing to generate data from 
loci scattered throughout the nuclear genome. 
Methods 
Sample Collection and DNA extraction 
 I obtained tissue samples (heart muscle, pectoral muscle or 2.5 – 3.0 mm wing 
membrane biopsies) from M. lucifugus captured at 20 hibernacula in eastern North 
America (Table 2.1; Figure 2.1). Bats were captured by hand during hibernation between 
the months of October and April in 2008 – 2010, with the exception of those from Hunt 
Mine, Ontario, which were collected by mist net in September during fall swarm. Little 
brown myotis are known to generally hibernate where they swarm (Humphrey & Cope 
1976; Norquay et al. 2013), and thus the swarming population should be representative of 
the hibernating population at a given site. Tissue was placed in 95-100% ethanol or salt-
saturated DMSO, and stored at -80 °C (Reudi & McCracken 2009). DNA was extracted 
using the DNeasy Blood and Tissue Kit (Qiagen).  
Cytochrome b and RAD sequencing 
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 I designed primers, H16064 (5’- TCCCCTTTTCTGGTTTACAAGACC -3’) and 
L15524 (5’-ACRGGRTCYAACAAYCCAACAGG-3’), to amplify 536 bp of the 
mitochondrial cytochrome b locus based on bat sequences available from GenBank. PCR 
products were amplified in 32 µL reactions using a touchdown PCR protocol as described 
by Balakrishnan & Sorenson (2007). Annealing temperature decreased from 60 °C to 54 
°C in 0.5 °C increments for 12 cycles, then remained at 54 °C for 30 cycles. PCR 
products were purified using Agencourt AMPure XP (Beckman Coulter) or a homemade 
SPRI-bead mix (Rohland & Reich 2012), and sequenced with the forward primer using 
BigDye Terminator v. 3.1 (Life Technologies) and an ABI PRISM 3100 sequencer.  
 I used a double-digest RAD sequencing (ddRAD-seq) protocol developed by 
DaCosta and Sorenson (DaCosta & Sorenson submitted). Briefly, 0.1 – 1 µg genomic 
DNA was digested with SbfI and EcoRI restriction enzymes (New England Biolabs). 
Amplification and sequencing adapters, each with an overhang complementary to that left 
by one the respective restriction enzymes, were ligated onto the digested DNA. The “P1” 
adapter included a six bp barcode and an overhang matching that left by SbfI. The “P2” 
adapter included an index sequence, an overhang matching that left by EcoRI, and a 
“divergent-Y” (preventing amplification of fragments with two EcoRI cut sites). 
Individual samples were run on a 2% agarose gel, and DNA in the 300 – 450 bp size 
range (178-328 bp excluding the adapter sequences) was excised from the gel and 
purified with the MinElute Gel Extraction Kit (Qiagen). Fragment libraries for each 
sample were PCR amplified with Phusion High-Fidelity PCR Master Mix (Finnzymes), 
and PCR products were purified with AMPure XP beads or the homemade SPRI-bead 
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mix. Concentrations of each sample library were estimated using quantitative PCR and 
pooled in equimolar amounts. The pooled ddRAD-seq libraries were sequenced to 100 bp 
from the SbfI adapter on an Illumina HiSeq 2000 or HiSeq 2500. 
Cytochrome b and RAD sequence analysis 
 Cytochrome b sequences were aligned and edited in Sequencher v. 4.5 (Gene 
Codes). Haplotype networks were created using TCS v. 1.2.1 (Clement et al. 2000). 
Pairwise ΦST values between colonies were calculated using uncorrected pairwise 
distances among cytochrome b haplotypes in Arlequin v. 3.5 (Excoffier et al. 2005a). I 
performed pairwise comparisons between a total of 20 sites, amounting to 210 
comparisons for each marker type, which necessitates highly stringent criteria for 
determining pairwise significance to keep familywise error rates low. The aim of 
pairwise ΦST calculations, however, was to provide a measure of genetic differentiation 
between sites in order to test the significance of the relationship between this covariate 
and risk of WNS, rather than to test for ΦST values that statistically differed from zero. 
Therefore I did not test each pairwise ΦST value for statistical significance. I measured the 
correlation between genetic distance and geographic distance for both RAD and 
cytochrome b using the function MantelPiece v. 1.0 in R 
(http://www.erikpostma.net/resources.html; R Development Core Team 2010). 
 Detailed methods for processing the ddRAD-seq data are also described in 
DaCosta & Sorenson (submitted). Briefly, sequences that passed the Illumina quality 
filter were parsed into samples based on barcode and index sequences. Barcodes were 
trimmed from the sequence and identical sequences within each sample were condensed. 
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Sequences were then clustered into putative loci using the UCLUST method in 
USEARCH v. 5 (Edgar 2010) with an identity threshold of 0.85. The highest quality 
sequence in each cluster was compared to the Myotis lucifugus draft genome using 
BLAST v. 2.2.25 (Altschul et al. 1990). The sequences for each putative locus were then 
aligned using MUSCLE v. 3.8.31 (Edgar 2004).  
 The aligned sequence data were run through a custom script to identify single 
nucleotide polymorphisms (SNPs), determine heterozygosity/homozygosity for each 
sample and locus, and evaluate the data for each locus relative to Mendelian expectations 
(DaCosta & Sorenson submitted). Genotypes were accepted as homozygous if > 93% of 
sequence reads for a given sample and locus were consistent with a single haplotype, and 
as heterozygous if a second haplotype was represented by at least 29% of reads. 
Individuals with second haplotypes between 20% and 29% of reads were also scored as 
heterozygous if both haplotypes were present in other individuals in the population 
(DaCosta & Sorenson, submitted). Otherwise, loci were excluded from further analyses. I 
examined and, if needed, manually re-aligned loci with three or more variable sites in the 
last five alignment positions, often indicative of indels near the end of the locus that 
could not be appropriately aligned by MUSCLE due to a lack of flanking sequence. I also 
examined, and if necessary removed or manually aligned loci that fell in the tail of the 
distribution of the number of polymorphisms (i.e., highly polymorphic outliers).  
 From my pool of RAD loci, I selected 871 “complete” loci, which lacked missing 
data and departures from sequence read ratios expected for homozygous or heterozygous 
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loci. Uncorrected pairwise ΦST values (Excoffier et al. 1992) between hibernacula were 
calculated for RAD loci using a custom Python script. 
Logistic regression models of WNS incidence 
 A psychrophilic fungus, P. destructans grows maximally at temperatures 
characteristic of bat hibernacula, and the appearance of WNS (i.e. the fungal infection 
and associated pathology) in bats is largely restricted to the cold hibernating season 
(Blehert et al. 2009; Lorch et al. 2011). I therefore modeled disease spread as a yearly, 
binomial response; each year of the epizootic (winter year 2008 – 2014), colonies either 
remained susceptible (0) or became infected (1). I included 20 winter colonies from 
eastern North America to model infection using mixed-effects logistic regression models. 
I used a logit link in the function lmer in the lme4 package in R (Bates et al. 2011; R 
Development Core Team 2010). The year of infection of each colony was based on the 
first year WNS was reported as suspect or confirmed for the county 
(http://www.whitenosesyndrome.org/resources/map), according to diagnostic criteria set 
forth by the National Wildlife Health Center 
(http://www.nwhc.usgs.gov/disease_information/white-nose_syndrome/ 
wns_definitions.jsp). It is important to note that my definition of “infection” represents 
the winter that the disease was identified within the county, which does not necessarily 
correspond to the introduction of the pathogen. On average, however, I assume that early 
introduction of P. destructans to a given colony leads to early emergence and 
identification of WNS. Once a colony was infected, it became a source of infection to 
susceptible colonies the following years. Because I lacked samples for the colony with 
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the first known cases of WNS (Howes Cave, NY; Blehert et al. 2009), my data began in 
2008 with the Williams mine complex, NY as the source of infection from the previous 
year because it is the geographically closest site in my dataset to Howes Cave. 
 I modeled the relationship between colony connectivity and probability of 
infection in two ways: 1) as a function of the minimum genetic differentiation (ΦST) to an 
infected colony at nuclear and mitochondrial markers, and the minimum geodesic 
distance to an infected colony, or 2), the closeness centrality of susceptible colonies to 
infected colonies based on geodesic distance and closeness centrality based on genetic 
differentiation (ΦST). Geographic closeness centrality for a susceptible colony was 
calculated by summing the reciprocals of geodesic distances to all infected sources; 
genetic closeness centrality was calculated by summing reciprocals of ΦST +1. 
Geographic distance and genetic differentiation are time-dependent covariates, i.e. the 
values changed each year as previously susceptible colonies became sources of infection. 
I set the lower bound for ΦST at zero, and thus negative estimates were entered as zero 
into the model. To facilitate comparison of coefficient estimates, I standardized 
covariates to have mean of zero and variance of one, and report coefficients from both 
standardized and unstandardized covariates.  
 To avoid problems that may be encountered when independent variables are 
highly correlated, I examined sets of models using geographic and genetic closeness 
centrality separately from sets of models using minimum geographic and genetic 
distances. I examined full and partial candidate models with geographic distance 
(minDistance), mitochondrial genetic differentiation (minCytb), and nuclear genetic 
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differentiation (minRAD). I then examined full and partial candidate models with 
closeness centrality by geographic distance (centDistance), closeness centrality by 
mitochondrial genetic differentiation (centCytb), and closeness centrality by nuclear 
genetic differentiation (centRAD). I first selected random effects terms by comparing 
AICC scores of full models with all fixed covariates and interactions, varying only 
random effects terms (Zuur et al. 2009). Site nested within Year (random slope, random 
intercept), and Site alone (random intercept), were considered as random effects terms. 
After selecting random effects, I then varied fixed effects only, evaluating all 
permutations of the full model and selecting models using AICC (Burnham & Anderson 
2004). Because geographic sampling was relatively sparse in the western portion of the 
study area (Figure 2.1), and connectivity of susceptible sites to infected sites is less likely 
to be represented by my sampling in this region, I first fit models to 14 eastern sites 
where sampling was relatively dense before moving to the full study area. I evaluated 
model fits using the Hosmer-Lemeshow c statistic and calculated the area under the curve 
(AUC) using the R package pROC (Hosmer et al. 1997; R Development Core Team 
2010). 
Results 
Cytochrome b 
 There were 41 polymorphic sites in 536 bp of cytochrome b, comprising 54 
haplotypes in a sample of 182 little brown myotis from eastern North America. A single, 
common haplotype and those that differed by one or two mutations, were broadly 
distributed throughout the region (Figure 2.1). Cytochrome b haplotype diversity was 
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higher outside the northeastern region of the study area (eastern New York, Vermont, and 
Massachusetts), and divergent haplotypes relative to the common haplotype were absent 
from the northeastern region. A number of haplotypes were represented by one or a few 
neighboring colonies, the most extreme example being a colony in western Kentucky 
(CSKY), where seven of 14 sampled bats shared a single private allele. There was great 
variability in population genetic structure among the hibernating colonies (ΦST range: -
0.170 – 0.758; Table 2.1). Differentiation at cytochrome b, as measured by pairwise ΦST, 
was slightly, but non-significantly correlated with geographic distance (Mantel test, p = 
0.060). The low correlation coefficient (Pearson r2 = 0.043) indicates a substantial 
amount of genetic variation not accounted for by geographic distance between colonies, 
and heterogeneity in population genetic structure over the landscape. Pairwise ΦST values 
between colonies at cytochrome b and RAD loci were not correlated (r2 = 0.150, p = 
0.15), and there was also substantial deviation from this relationship (Figure 2.2). 
RAD-Seq 
 I sequenced 871 RAD loci that spanned at least 356 contigs or scaffolds, 
generating over 83,000 bp of sequence data per individual. Overall differentiation among 
colonies at RAD loci was low (ΦST range -0.004 – 0.045; Table 2.1), and IBD was non-
significant (Mantel test, p = 0.349), despite the fact that colonies were distributed across 
an area over 2,200 km wide. Colonies in Pennsylvania and West Virginia on the 
Appalachian Plateau had higher pairwise ΦST values relative to other sites in general, 
whereas differentiation was lower between colonies in the Northeast (New York, 
Massachusetts, and Vermont) and colonies to the south (east of the Appalachian Plateau 
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in Virginia and West Virginia). Pairwise ΦST was also relatively low between 
northeastern colonies and one site in Michigan (IMMI; Table 2.1). 
Genetic differentiation and WNS risk 
 Models with Site as the sole random effect term performed better than Year nested 
within Site; therefore Site was included as a random effect and slopes were held constant 
for all models using both the eastern (n = 14 sites, 38 observations) and full (n = 20 sites, 
77 observations) datasets. For both the eastern and full study areas, models with 
closeness centrality of geographic distance and genetic differentiation covariates fit the 
observed data consistently worse than models with minimum geographic distance and 
minimum genetic differentiation.  For the eastern study area, the model with lowest AICC 
(centCytb + centDistance) had AICC = 49.01 for closeness centrality models, whereas the 
best model for the minimum geographic and genetic distance model set was AICC = 
40.15 (Table 2.2). Furthermore, the best model in the closeness centrality set fit the data 
only moderately better than the null model (ΔAICC = 2.73). Over the entire study area, 
the best model (centRAD + centCytb + centDistance) had AICC = 72.39 for the closeness 
centrality model set, whereas the best model in the minimum geographic and genetic 
distance model set had AICC = 59.52 (Table 2.3). Because closeness centrality 
measurements of geographic distance and genetic differentiation between susceptible and 
infected colonies was a relatively poor predictor of infection, I focus my results on the 
model set using minimum measurements of geographic distance and genetic 
differentiation. 
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 Consistent with my hypotheses, for all minimum distance WNS risk models 
considered, coefficients were negative for nuclear genetic differentiation (minRAD), 
mitochondrial genetic differentiation (minCytb), and geographic distance (minDistance; 
Tables 2.2 and 2.3).  
 Within the eastern range of my study area where the geographic distribution of 
colony sampling was most dense, WNS risk was best explained by the full model 
including minDistance, minRAD, and minCytb relative to all candidate models evaluated 
(ΔAICC = 0; weight = 0.54; Table 2.2). The next best model included minDistance and 
minRAD, but had worse fit (ΔAICC = 2.55). The model lacking genetic covariates 
altogether (minDistance as the sole fixed effect) was substantially worse at explaining the 
data (ΔAICC = 5.91), and had a higher AICC value than the model with minCytb alone. 
The magnitude of coefficients for genetic differentiation covariates was larger than for 
the geographic distance covariate, suggesting a greater effect of genetic structure on 
WNS risk than the effect of geographic distance at this spatial scale. Relative to the 
model lacking genetic differentiation covariates, the full model qualitatively captured the 
heterogeneity in spatial spread observed in the data remarkably well, and distinguished 
colonies east of the Appalachian Plateau in Virginia and West Virginia as higher risk than 
other colonies at similar distances from infected sites (Figure 2.3). The Hosmer-
Lemeshow c-statistic was non-significant (χ2 = 1.29, p = 0.995), and AUC for the best 
model was high (0.98), suggesting that the best model was generally well fit. 
 For the full dataset including all colonies, three models performed similarly 
(ΔAICC < 2; Table 2.3). The best model (ΔAICC = 0) included all covariates: 
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minDistance, minRAD, and minCytb. The more parsimonious models of the best subset 
included Distance, and one genetic covariate- either minRAD (ΔAICC = 0.52) or minCytb 
(ΔAICC = 0.87). Models lacking a genetic covariate performed worse (ΔAICC = 2.07); 
however, it is clear from the magnitude of the minDistance coefficients and the modest 
improvement in fit of models with a genetic covariate that minDistance largely explained 
WNS risk at this broader geographic scale. The AUC for minDistance + minRAD model 
was 0.89, and models fit to the larger region were qualitatively worse at predicting WNS 
risk (Figure 2.4) than models fit to data from the eastern region (Figure 2.3). 
Discussion 
 Since its appearance in North America, the emergence of WNS across the 
landscape has not followed a simple diffusion pattern (Maher et al. 2012). Previous 
landscape-level risk analyses indicate that colony and habitat characteristics influence 
patterns of emergence among winter colonies (Flory et al. 2012; Maher et al. 2012; 
Thogmartin et al. 2012; Wilder et al. 2011); however, infection of a colony ultimately 
depends on introduction of the causative agent. I found that population genetic structure 
of an important host species is a significant predictor of WNS risk, and host genetic 
differentiation between infected sources and susceptible winter colonies was associated 
with lower probability of infection by WNS. 
  Logistic regression models of infection in winter colonies that included 
population genetic covariates fit yearly WNS risk remarkably well (Figure 2.3). 
Population genetic structure of colonies in the far eastern region explains the rapid 
southward spread of WNS and delay in westward expansion observed early in the 
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epizootic. In winter 2008 – 2009, ΦST was low between infected colonies in the Northeast 
and susceptible colonies in Virginia and West Virginia (STVA and HHWV; Figure 2.3). 
Based on low genetic differentiation, the model distinguished these southern colonies as 
higher risk than closer, but more differentiated colonies in western Pennsylvania and 
western New York (USPA, CSPA and AMNY). In 2009 – 2010, the westernmost site in 
Pennsylvania (CSPA) had higher risk than a nearby site to the east (USPA). Although 
both sites lie on the Appalachian Plateau, differentiation at cytochrome b was lower 
between CSPA and an infected site in West Virginia (HHWV; Table 2.1). There is no 
obvious physiographic feature distinguishing the two western Pennsylvania sites, and the 
contrasting patterns of differentiation may represent sampling error in this instance; 
however, overall differentiation between USPA and other sites was higher on average, 
suggesting that this colony has generally lower connectivity to other colonies, potentially 
insulating it from contact with infected bats. More generally, these results suggest that 
Appalachian topography reduces longitudinal movement of little brown myotis, and quite 
likely other bat species as well.  
 Differentiation of maternally-inherited, mitochondrial markers (cytochrome b 
ΦST) and biparentally-inherited, nuclear markers (RAD ΦST) were both significant 
predictors of WNS spread. The RAD ΦST covariate appeared in higher weighted models 
more often than cytochrome b ΦST, indicating that RAD data were generally better 
predictors when model uncertainty is taken into account. This finding suggests a role for 
both male and female bats in the spread of WNS, and demonstrates the utility of using 
many genetic markers to evaluate connectivity.  
	  	  
32 
 Across the entire sampling range, the improvement in model fit to WNS incidence 
data from the inclusion of genetic covariates was somewhat smaller than for the eastern 
region. Over the wider area, the effect size of distance was greater relative to the effect of 
genetic differentiation. Consequently, neighboring sites with different ΦST relative to 
infected sources had similar WNS probabilities, and complexity of risk in the 
Appalachian region was not captured. There are several factors that may account for the 
relatively poor contribution of genetic covariates to model fit in the wider sampling area. 
First, the density of sampled sites across the western region was low, providing relatively 
little information on connectivity to sources of infection, and fewer neighboring sites, 
which population genetics may be particularly valuable in distinguishing. Second, 
northern sites in Michigan, Ontario and Manitoba had comparatively low ΦST values 
between colonies in the Northeast. Many northern sites were covered by ice during the 
last glacial maximum, and ΦST values among northern colonies are quite likely influenced 
by post-glacial expansion and leading-edge effects (Bernatchez & Wilson 1998; Hewitt 
2000; Ibrahim et al. 1996). Whereas historic variability in gene flow has had more time 
for genetic drift to generate divergence among southern sites, contemporary patterns of 
gene flow in recently glaciated areas is less strongly reflected in population genetic 
structure, potentially limiting the use of population genetics to predict dispersal and WNS 
risk at northern latitudes. Third, because of my relatively small dataset with few case 
observations, I minimized the number of covariates and models I evaluated, only 
including geographic distance and genetic differentiation covariates in candidate models. 
As a result, the influence of environmental and colony characteristics was not accounted 
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for. For example, Flory et al. (2012) found that highly suitable areas for WNS in the 
northeastern United States are high in elevation and topographically complex. Assuming 
low genetic differentiation does indeed reflect high gene flow, the relatively low 
elevation and lack of topographic complexity of sites in Michigan, Ontario, and Manitoba 
may decrease their overall risk of WNS.  
 Closeness centrality measurements of genetic differentiation and geographic 
distance did not fit patterns of WNS spread as well as did minimum genetic 
differentiation and geographic distance. This is somewhat surprising given that closeness 
centrality calculated as the sum of reciprocal distances (or ΦST values) is most heavily 
influenced by the smallest values (i.e., the closest and least differentiated colonies), with 
added information on other colonies in the network that may also act as sources of 
infection. The better fit of models using only the closest and least differentiated infected 
sources may suggest that, by and large, pathogen introduction occurs locally, and 
between highly connected colonies. Whereas minimum geographic distance may capture 
patterns of local spread, minimum genetic differentiation may capture the longer-distance 
jumps in the spatial distribution of the disease. 
 At present, P. destructans is known to infect ten hibernating bat species, and any 
or all of them could transport and introduce the pathogen to new colonies. Because the 
little brown myotis is the most common bat species in hibernacula at the core of the 
epizootic (Langwig et al. 2012; Turner et al. 2011; Wilder et al. 2011), and is widely 
dispersing (Davis & Hitchcock 1965; Norquay et al. 2013), it may be a major vehicle for 
pathogen movement; however, many additional factors determine the likelihood of 
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dispersal and transmission by a particular host species, for example, host competence, 
contact rates within and between species, behavioral changes associated with infection, 
seasonality and host ecology (Altizer et al. 2006; Hawley & Altizer 2011; Kilpatrick et 
al. 2006; Paull et al. 2011). Nonetheless, it is not unlikely that dispersal of other WNS 
host species is influenced by many of the same barriers. Genetic discontinuity associated 
with the Appalachian Mountains is a common pattern observed in diverse taxa (Soltis et 
al. 2006). Range-wide phylogeography of at least one other WNS host species, the big 
brown bat (Eptesicus fuscus), mirrors that of the little brown myotis across its range at 
mitochondrial DNA (Turmelle et al. 2011; Wilder et al. in prep). For both species, 
mitochondrial loci are deeply divergent and highly structured, particularly west of the 
Rocky Mountains, with significant structure across eastern North America as well. 
Because several host species may share phylogeographic patterns, the correlation 
between population genetic structure of little brown myotis and risk of WNS does not 
necessarily implicate this species in introduction of P. destructans to uninfected colonies. 
It does suggest that bats are likely the predominant mode of dispersal of the pathogen 
over the landscape, and that spread and emergence of WNS in eastern North America 
follows patterns of connectivity of winter colonies. 
 I lacked data for a fully comprehensive analysis including colony and 
environmental covariates known to be significant to the emergence of WNS in winter 
colonies. While there is no doubt these factors have considerable influence, I demonstrate 
here that heterogeneity in host dispersal patterns can substantially influence the timing of 
pathogen introduction and consequently risk of disease, and may aid in prediction of 
	  	  
35 
future spread if populations are well-sampled to account for landscape complexity. 
Ultimately, comparative phylogeography of multiple host species as well as the pathogen 
will provide greater insight into individual host competence and dispersal of P. 
destructans. To date, the use of host genetic structure in epidemiological contexts has 
been predominantly qualitative in nature (Biek & Real 2010; Blanchong et al. 2008; 
Cullingham et al. 2009; Miller-Butterworth et al. 2014; Muller et al. 2009). I argue that 
inclusion of host population genetic data in models of spatial disease spread can provide 
useful information to improve model prediction, even in multi-host systems, and increase 
my understanding of the dynamics of infectious diseases. 
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Figure 2.1. 
A) Cytochrome b haplotype network for little brown myotis in eastern North America, showing longitudinal 
structure and limited haplotype diversity in the Northeast. Each pie represents a single haplotype, colored 
according to the colonies from which the haplotype was sampled, mapped in B. Pie sizes correspond to the 
frequency of haplotypes. Each line segment represents a single base change between haplotypes. Open circles 
are unobserved haplotypes. B) Hibernating winter colonies where little brown myotis were sampled. Point colors 
correspond to the cytochrome b haplotype network in A. 	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Figure 2.2. 
Correlation between pairwise ΦST values between colonies at cytochrome b and RAD loci (r2 = 0.150, p = 0.15). 
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Figure 2.3. 
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Figure 2.4. 
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CHAPTER 3: Population genomics of little brown myotis (Myotis lucifugus) reveal 
genomic heterogeneity and varied connectivity across North America 
Abstract 
 The little brown myotis (Myotis lucifugus) is a wide-ranging North American bat 
species that has suffered massive declines from white-nose syndrome (WNS) in the 
eastern part of its distribution, and its eventual extirpation from this region has been 
predicted as a result. I analyzed population genetic structure across the range of little 
brown myotis to 1) identify populations, estimate population sizes and gene flow over the 
species’ range, and across subspecies boundaries; 2) compare patterns of maternally, 
paternally, and biparentally-inherited markers to infer male and female dispersal patterns; 
3) scan the genome for unique, regional adaptive genetic diversity that may be threatened 
by WNS; and 4) evaluate the potential for future WNS spread across the continent in 
light of population genetic patterns. I used restriction-site associated DNA (RAD) 
sequencing to generate ~440 kb of sequence data per sample for more than 300 samples, 
and compared population genetic structure for autosomal RAD loci, the Y chromosome, 
and the mitochondrial cytochrome b gene. Cytochrome b data form four deeply divergent 
lineages with restricted geographic distributions. By contrast, nuclear RAD data suggest 
two moderately differentiated populations (FST = 0.121) divided roughly by the Rocky 
Mountains, with very little genetic differentiation within the larger eastern population, 
and greater differentiation of bats from localities within the smaller western population. 
Differentiation in the West indicates that seasonal dispersal is far more limited than in the 
East. Nuclear gene flow was high between geographic regions defined by mitochondrial 
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lineages, and low geographic structure of Y chromosome variation further indicated 
male-biased gene flow. Demographic analyses revealed an excess of loci with divergent 
allele frequencies between the eastern and western populations relative to neutral 
expectations, and a genome scan identified 61 outlier loci, suggesting divergent natural 
selection between populations and the possibility that adaptive genetic variation may be 
threatened by declines from WNS. Range-wide population genetics of this species 
suggest that the spread of WNS will slow as it moves westward, where populations are 
smaller and connectivity is lower. 
Introduction 
 The little brown myotis (Myotis lucifugus) is a wide-ranging North American bat 
species, Until recently it was among the most common bats throughout much of its 
distribution (Fenton & Barclay 1980), but now faces the possibility of extirpation from 
the northeastern United States as a result of the recently emerged infectious disease, 
white-nose syndrome (WNS; Frick et al. 2010). Relative to the extensive interest in this 
species for physiological, behavioral and ecological research, there has been 
comparatively little study of its population genetics or phylogeography (Burland & 
Wilmer 2001), and basic questions such as appropriate species and subspecies 
delimitation remain. There are five morphologically described subspecies; M. l. 
carissima, M. l. alascensis, M. l. relictus and M. l. pernox are restricted to western North 
America, whereas M. l. lucifugus is found throughout eastern North America (Dewey 
2006; Hall 1981). A study based on the mitochondrial cytochrome b gene for little brown 
myotis found paraphyly with three western long-eared Myotis species, and four divergent 
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lineages of M. lucifugus, with geographic distributions roughly corresponding to 
subspecies distributions (Dewey 2006). There is sharing of mtDNA haplotypes across 
subspecies boundaries, however, suggesting gene flow or retained ancestral 
polymorphism (Carstens & Dewey 2010; Dewey 2006; Lausen et al. 2008), but the 
degree of gene flow between these populations remains unknown. 
 For a number of bat species, geographic structure at maternally-inherited mtDNA 
is substantially higher than for biparentally-inherited autosomal loci, which has often 
been interpreted as the result of male-mediated gene flow and female philopatry (Petit et 
al. 2001; Petit & Mayer 1999; Ruedi & Castella 2003; Turmelle et al. 2011; Weyandt et 
al. 2005). For the little brown myotis, previous studies of population genetic structure for 
both nuclear and mitochondrial markers have found greater spatial structure in mtDNA 
than nuclear loci, but these studies have been small in spatial extent relative to the 
species’ range and dispersal capacity (Dixon 2011a; Lausen et al. 2008; Miller-
Butterworth et al. 2014). Female little brown myotis typically form maternity colonies in 
summer, whereas males rarely form groups (Fenton & Barclay 1980). In the fall, these 
bats mate in large swarms near hibernacula, and based on mark-recapture data, 
individuals typically hibernate at or near swarming sites (Humphrey & Cope 1976; 
Norquay et al. 2013). Because little brown myotis may disperse several hundred 
kilometers between summer roosts and swarming sites (Davis & Hitchcock 1965; 
Humphrey & Cope 1976), and mating appears to be nonselective (Thomas et al. 1979), 
swarms may facilitate high rates of gene flow over the landscape, a phenomenon that has 
been observed in other bats (Kerth et al. 2003; Veith et al. 2004). Early mark-recapture 
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studies of little brown myotis suggest high site fidelity to both hibernacula and maternity 
colonies (Davis & Hitchcock 1965; Humphrey & Cope 1976); however, a more recent 
mark-recapture study also shows that site fidelity to hibernacula is somewhat higher than 
fidelity to maternity colonies (Norquay et al. 2013). In addition, females are significantly 
more likely to relocate between hibernacula than males, suggesting that female philopatry 
with male-mediated gene flow may not describe dispersal patterns in this species as well 
as it does for some others.  
 With the possibility of extirpation in eastern North America as a result of WNS, 
little brown myotis may soon face a substantial loss of potentially adaptive genetic 
diversity. Evaluation of population structure and differentiation based only on neutral 
genetic variability may fail to capture unique adaptations that directly affect the 
evolutionary and adaptive potential of a population (Crandall et al. 2000; Manel et al. 
2010). Identification of loci under divergent selection may prove valuable in informing 
management strategies for this species, whose conservation status will likely change in 
the near future. 
 In this study, I sampled little brown myotis over its entire range and assessed 
population genetic structure at mitochondrial, autosomal, and Y chromosome markers. 
Specifically, I generated sequence data for thousands of restriction site-associated DNA 
(RAD) loci including RAD loci on the Y chromosome, and sequenced a portion of the 
mitochondrial cytochrome b gene. My objectives were to: 1) identify populations, model 
population history and estimate demographic parameters, including population sizes and 
rates of gene flow over the range of the species, and across subspecies boundaries; 2) 
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evaluate and compare the population genetic structure and geographic distribution of 
maternally, paternally, and biparentally-inherited markers in order to gain a better 
understanding of male and female demographics and gene flow; 3) scan the genome for 
candidate loci under divergent selection, potentially representing adaptive genetic 
diversity that may be lost as a result of population declines from WNS; and 4) evaluate 
the potential for future WNS spread across the continent by this species in light of 
population size estimates and patterns of gene flow. 
Methods 
Sample Collection and DNA extraction 
 I obtained tissue samples (wing membrane, heart muscle, or pectoral muscle) 
from 308 bats collected at maternity colonies, swarming sites, hibernating colonies or 
foraging sites throughout the range of M. lucifugus between 2005 and 2012 (Figure 3.1). 
The majority of samples from eastern North America were collected prior to major die-
offs from WNS. Tissues were obtained during recent fieldwork, from previously 
collected tissues archived at Boston University, from natural history museums and other 
research institutes, and from colleagues conducting field research. Localities were chosen 
opportunistically based on the availability of previously archived tissue or fieldwork 
being conducted by other researchers. I aimed to sample ≥ 5 individuals within each 500 
km2 over the species’ range, with denser sampling along the Rocky Mountains where 
phylogeographic breaks are common among taxa (Swenson & Howard 2005), and 
collected samples through my own fieldwork as needed to meet this goal. For samples 
collected through my own fieldwork, I captured bats in mist-nets and took 2.5 – 3.0 mm 
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wing biopsies following standard capture and handling methods (Kunz et al. 2009), and 
carefully adhering to National WNS decontamination protocols set forth by multiple 
state, federal and tribal agencies (http://whitenosesyndrome.org/topics/decontamination).  
 Tissue was placed in 95-100% ethanol or a salt-saturated DMSO solution and 
stored at -80° C (Reudi & McCracken 2009). DNA was extracted using the DNeasy 
Blood and Tissue Kit (Qiagen). I included M. yumanensis as an outgroup for RAD 
sequence data analyses. 
RAD sequencing 
 To generate sequence data from thousands of loci scattered throughout the 
genome, I used a double-digest RAD sequencing (ddRAD-seq) protocol developed by 
DaCosta and Sorenson (DaCosta & Sorenson submitted). Briefly, 0.1 – 1 µg genomic 
DNA was digested with SbfI and EcoRI restriction enzymes (New England Biolabs). 
Amplification and sequencing adapters, each with an overhang complementary to that left 
by one of the respective restriction enzymes, were ligated onto the digested DNA. A “P1” 
adapter includes one of 48 different six bp barcodes and a TGCA overhang, matching 
that left by SbfI. A “P2” adapter includes one of eight index sequences, an AATT 
overhang matching that left by EcoRI, and a “divergent-Y” preventing amplification of 
fragments with two EcoRI cut sites. Individual samples were run on a 2% agarose gel, 
and DNA in the 300 – 450 bp size range (178-328 bp excluding the adapter sequences) 
was excised from the gel and then purified with the MinElute Gel Extraction Kit 
(Qiagen). Fragment libraries for each sample were PCR amplified with Phusion High-
Fidelity PCR Master Mix (Finnzymes). PCR products were purified with AMPure XP 
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beads or the homemade SPRI-bead mix. Concentrations of each sample library were 
estimated using quantitative PCR and pooled in equimolar amounts. The pooled ddRAD-
seq libraries were sequenced to 100 bp from the SbfI adapter on an Illumina HiSeq 2000 
or HiSeq 2500.  
 Detailed methods for processing the ddRAD-seq data are also described in 
DaCosta & Sorenson (submitted). Briefly, sequences that passed the Illumina quality 
filter were parsed into samples based on barcode and index sequences. Barcodes were 
trimmed from the sequence and replaced with the two C’s expected at the beginning of 
the SbfI recognition sequence (CCTGCAGG) to improve BLAST searches. Identical 
sequences within each sample were condensed, retaining the number of reads for each 
unique sequence. Data for all samples were then combined in a single file and sequences 
were clustered into putative loci using the UCLUST method in USEARCH v. 5 (Edgar 
2010) with an identity threshold of 0.85. The highest quality sequence in each cluster was 
compared to the M. lucifugus draft genome using BLAST v. 2.2.25 (Altschul et al. 1990). 
Clusters with BLAST hits at or near the same position and with the same orientation were 
merged, an approach that improved clustering of loci with large indels. The sequences for 
each cluster (putative locus) were then aligned using MUSCLE v. 3.8.31 (Edgar 2004).  
 The aligned sequence data were run through a custom script to identify single 
nucleotide polymorphisms (SNPs), count alleles/haplotypes for each sample and locus, 
and evaluate the data for each locus in comparison to Mendelian expectations (DaCosta 
& Sorenson submitted). At single-copy autosomal loci, all reads from homozygous 
individuals are expected to represent a single haplotype with infrequent errors, whereas 
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heterozygotes should have reads representing two haplotypes at frequencies expected 
under binomial sampling with a probability of 0.5. Genotypes were accepted as 
homozygous if > 93% of sequence reads for a given sample and locus were consistent 
with a single haplotype, and as heterozygous if a second haplotype was represented by at 
least 29% of reads. Individuals with second haplotypes between 20% and 29% of reads 
were also scored as heterozygous if both haplotypes were present in other individuals in 
the population (DaCosta & Sorenson, submitted). Otherwise, loci with a second 
haplotype representing 7-29% of reads or with three or more haplotypes were flagged as 
suspect, and these haplotypes were excluded from further analyses. Loci with missing 
and/or flagged genotypes for more than 10% of alleles were removed from further 
analyses. I examined and, if needed, manually re-aligned loci with three or more variable 
sites in the last five alignment positions, often indicative of indels near the end of the 
locus that could not be appropriately aligned by MUSCLE due to a lack of flanking 
sequence. I also examined, and if necessary removed or manually aligned loci that fell in 
the tail of the distribution of the number of polymorphisms (i.e., highly polymorphic 
outliers). The final dataset included 4,783 ~100 bp RAD loci for 308 individuals. 
 To summarize genome-wide genetic variation and estimate the number of clusters 
(i.e., populations), I used principal components analysis (PCA) and K-means clustering 
of principal components, respectively, for ddRAD-seq data using the R package adegenet 
v. 1.3-4 (Jombart 2008; Jombart et al. 2010; R Development Core Team 2010). I 
assigned individual bats to clusters identified by the PCA, and estimated posterior 
assignment probabilities for each individual using the program STRUCTURE with no a 
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priori population assignments (Pritchard et al. 2000). I measured the correlation between 
genetic and geographic distance by calculating Nei’s genetic distance (Nei 1972), and 
great circle geographic distances between pairs of populations with ≥ 5 individuals. 
Statistical significance was tested using a Mantel test with 999 random permutations. Bat 
dispersal is also known to be influenced by topography (Cryan et al. 2000). To evaluate 
the influence of both geographic distance and the presence of mountain ranges on nuclear 
differentiation between sites, I delineated the locations of major mountain ranges (Rocky 
Mountains, Sierra Nevada, Cascades, and Appalachians; Figure 3.1A). I used linear 
regression of pairwise matrices with genetic distance as the response variable, and 
geographic distance and the presence /absence of a mountain range between capture sites 
as predictor variables using the package ecodist in R (Goslee & Urban 2007). I estimated 
average, uncorrected, pairwise nucleotide diversity for each population using a custom 
python script.  
 To identify candidate loci under divergent, balancing or purifying selection, I 
scanned for outlier loci (i.e., loci with elevated or reduced FST relative to the genome-
wide distribution) between two populations (“eastern” and “western” inferred by the K-
means clustering analysis described above), using the program BayeScan v. 2.1 (Foll & 
Gaggiotti 2008). All bats from each site were assigned to the population to which the 
majority of bats from the site were assigned. BayeScan identifies candidate loci that may 
be affected by natural selection, controlling for the false discovery rate and the genome-
wide distribution of divergence at neutral loci. I used the default settings in BayeScan: 
5,000 outputted iterations with thinning interval of 10, 20 pilot runs of length 5,000 with 
	  	  
53 
a burn-in length of 50,000. Prior odds were set at 10 for the neutral model. I analyzed all 
SNPs with rare allele frequency ≥ 0.10. I first scanned for loci under selection between 
the eastern and western populations as defined above. I was also interested in whether 
uniquely adapted alleles exist within the WNS-affected, eastern region that may be lost as 
a result of population declines. I scanned for outlier loci by dividing the eastern 
population in two and comparing the region west of the Appalachians to the Appalachian 
region and points eastward. I identified SNPs with q-value ≤ 0.10, corresponding to a 
false-positive rate of 10% among identified outliers (Foll & Gaggiotti 2008). 
Cytochrome b sequencing 
 To evaluate phylogeographic patterns for a maternally-inherited marker, I 
sequenced a portion of the mitochondrial cytochrome b gene. Primers H16064 (5’-
TCCCCTTTTCTGGTTTACAAGACC-3’) and L15524 (5’-
ACRGGRTCYAACAAYCCAACAGG-3’) were designed to amplify 536 bp of the 
cytochrome b locus based on bat sequences available from GenBank. The locus was 
amplified in 32 µL reactions, as described by Balakrishnan & Sorenson (2007), using a 
touchdown PCR protocol. Annealing temperature decreased from 60 °C to 54 °C in 0.5 
°C increments for 12 cycles, then remained at 54 °C for 30 cycles. PCR products were 
purified using the Agencourt AMPure XP kit (Beckman Coulter) or a homemade SPRI-
bead mix (Rohland & Reich 2012). PCR products were sequenced using the forward 
primer with BigDye Terminator v. 3.1 (Life Technologies) and an ABI PRISM 3100 
sequencer. 
	  	  
54 
 Nucleotide substitution models for maximum likelihood analyses of cytochrome b 
were fit using jModelTest v. 2.1.4 (Darriba et al. 2012), and a best-fit model was selected 
using corrected Akaike information criterion (AICC) and Bayesian information criterion 
(BIC; Darriba et al. 2012; Guindon & Gascuel 2003). Haplotype networks were 
constructed based on results from a Bayesian MCMC analysis in BEAST with a constant 
rate molecular clock (Drummond & Rambaut 2007), and additional Myotis sequences 
downloaded from GenBank were included in building the network. Nucleotide diversity, 
population differentiation (ΦST) and Tajima’s D statistics were calculated in Arlequin, 
and significance was tested against 10,000 random permutations of the data (Excoffier et 
al. 2005b). 
RAD loci on the Y chromosome 
 To analyze phylogeographic patterns for paternally-inherited markers, I identified 
RAD loci on the Y chromosome. The M. lucifugus draft genome sequence is not fully 
assembled into chromosomes, and I was thus unable to identify RAD loci on the Y 
chromosome using BLAST. Instead, I searched for loci that were recovered in most or all 
male samples but not in females. I first searched through all clusters (i.e., putative loci) 
for those with at least ten times the number of reads from known male samples relative to 
female. These loci generally conformed to the expectation that males should have only 
one allele and females should be missing data. However, gametologs (i.e., ancient 
homologues between the X and Y chromosomes; García-Moreno & Mindell 2000), 
duplicated loci on the Y chromosome, and a very small number of mis-assigned reads 
due to sequencing errors in the barcode or index sequences, resulted in a few sequence 
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reads assigned to females and/or males having more than one “allele.” I narrowed my 
search to clusters where no female had more than ten reads. In this set of candidate Y 
loci, the vast majority of females (> 90%) had zero reads, with a few females having a 
single read assigned to the cluster. I then selected clusters with < 20% heterozygotes. 
This narrowed the pool to seven clusters, six of which had zero or one putative 
heterozygote. Upon further examination, all of the heterozygotes comprised individuals 
in which the second allele was a single, likely mis-assigned read or sequencing error. 
From this pool, six RAD loci on the Y chromosome were identified.  
 As the Y chromosome is a haploid, non-recombining chromosome, RAD loci on 
the Y chromosome were concatenated into a single 490 bp sequence for each of 123 
males. Haplotype networks were constructed based on results from TCS v. 1.2.1 
(Clement et al. 2000). Nucleotide diversity, population differentiation (ΦST) and Tajima’s 
D statistics were calculated in Arlequin, and significance was tested against 10,000 
random permutations of the data (Excoffier et al. 2005b). 
Geographic distribution of cytochrome b, Y chromosome and RAD loci 
 To directly compare the geographic distributions of eastern and western alleles at 
the different genetic markers, I calculated eastern and western allele frequencies at each 
sampling site for cytochrome b, the Y chromosome, and select outlier loci, and compared 
them to posterior assignment probabilities of individuals to the eastern or western 
population based on all RAD loci. I selected outlier loci by three criteria-- selecting those 
common to the set of outliers identified by Bayescan, a set of 40 loci with the highest 
loadings on PC1, and 40 highest ΦST values between bats west of the Sierra Nevadas and 
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east of the Appalachians. I created a haplotype network for each locus, identified lineages 
at high frequency in either the eastern or western population, and categorized alleles as 
belonging to the eastern or western lineage. I plotted the transition in frequency of the 
two lineages over the landscape relative to the average posterior assignment probabilities 
at each site to the eastern or western population. 
Analysis of demographic history 
 Parameters describing the demographic history of the eastern and western 
populations (inferred by K-means clustering analysis) were estimated from ddRAD-seq 
data using the program δaδi v. 1.6.3 (Gutenkunst et al. 2009). δaδi simulates the joint 
allele frequency spectrum (AFS) for two or more populations under a given demographic 
model, and evaluates model fit with a composite likelihood function. RAD data from 
three Myotis yumanensis individuals were included to infer the ancestral state of each 
SNP. I corrected the AFS for ancestral misidentification using a mammalian trinucleotide 
substitution matrix, and the context-dependent substitution model implemented by δaδi 
(Gutenkunst et al. 2009; Hernandez et al. 2007; Hwang & Green 2004). I limited the 
analysis to biallelic SNPs with constant flanking bases, and for which one of the alleles 
was constant in the outgroup. To create the AFS, I selected 25 and 18 individuals in the 
eastern and western populations, respectively. Individuals were chosen from the full 
dataset to maximize geographic representation within each population while also 
minimizing the extent of missing data. At autosomal loci, I sampled up to 50 and 36 
alleles (2N for diploid individuals) from the eastern and western populations, 
respectively. To create the joint allele frequency spectrum, each polymorphic site must 
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have the same number of samples. To account for missing data at some sites, I projected 
data down to 35 and 25 alleles using a procedure implemented in δaδi that produces a 
distribution of allele frequencies similar to the observed distribution, but at a lower 
sample size per site (Marth et al. 2004). Projections were chosen to maximize the number 
of segregating sites used in the analysis (Gutenkunst et al. 2009). Summary statistics such 
as genome-wide FST and Tajima’s D were calculated for the RAD data from the joint 
AFS. 
 The joint AFS was fit to an isolation-with-migration model. Under this model, at 
time T, an ancestral population at genetic equilibrium splits into two daughter populations 
(of size s and 1-s), which grow exponentially to their contemporary sizes (N1, N2), with 
migration (m12, m21) between them. To ensure that the global optimum was found, I ran 
the optimization from ten sets of starting parameter values randomly selected from within 
the prior ranges for each parameter. Population size parameters were bounded at 0.01 and 
100; time parameters were bounded at 0 and 5; and migration parameters were bounded 
at 0 and 10. I converted parameter estimates to demographically meaningful values based 
on a mutation rate of 2.366 × 10-9 per bp per generation for the nuclear genome (Ray et 
al. 2008) and the total sequence length analyzed (338,184 bp). Close to half of the SNPs 
in the dataset were excluded because they did not meet δaδi’s criteria that SNPs be 
biallelic, flanking bases be conserved between ingroup and outgroup, and one of the 
segregating alleles be the outgroup allele; thus, I adjusted the sequence length by dividing 
by 1.99 (169,942 bp) in converting to demographic values to account for the exclusion of 
polymorphisms from the analysis. Parameter estimates for the final model were similar 
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when I ran the model on the “folded” site frequency spectrum, which does not require an 
ancestral state and therefore considers all biallelic SNPs in the ingroup (1.99 times more 
SNPs). 
 Among RAD loci with BLAST hits to the M. lucifugus genome, ~ 95% are 
separated from the nearest RAD locus by more than 10 kb, and ~ 80% by more than 100 
kb; thus I considered RAD loci to be effectively independent. Sites within a ~ 100 bp 
RAD locus, however, are clearly not independent. To account for linkage in assessing 
model fit and estimating confidence intervals around parameters, I simulated 100 datasets 
in the coalescent program msms (Ewing & Hermisson 2010; Hudson 2002). Using the 
isolation-with-migration model and maximum-likelihood parameter estimates from the 
data, each RAD locus in the dataset was simulated by specifying the number of 
segregating sites and the population-scaled recombination rate (ρ = 4rNref) given the 
length of the locus and a per generation recombination rate of 1 × 10-8 per bp (Altshuler 
et al. 2005; Gutenkunst et al. 2009). I calculated linkage disequilibrium (LD) for all 
SNPs within a RAD locus with frequency ≥ 10% and compared these with LD from 
simulated datasets to ensure that my simulations adequately captured the non-
independence of SNPs in my data. Parameter estimates were then re-optimized for each 
simulated dataset in δaδi to generate 100 bootstrap maximum likelihood values. From 
these bootstraps I compared the fit of my model of empirical data with the fit of the 
model to simulated data. To calculate confidence intervals, I generated 100 
nonparametric bootstrap datasets by resampling polymorphic sites over loci with 
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replacement. Confidence intervals about the parameter estimates were calculated using a 
normal approximation to the nonparametric bootstrap results. 
 Previous findings of divergent mitochondrial lineages with geographic 
distributions that roughly resemble the distributions of morphologically described 
subspecies led to suggestions that mitochondrial lineages within M. lucifugus correspond 
to subspecies or even species (Dewey 2006). A later study found significant gene flow 
across subspecies boundaries for M. l. lucifugus (found mainly in eastern North America) 
and M. l. carissima (found in inland western North America; Hall 1981), with little to no 
differentiation of bats with divergent mitochondrial haplotypes, and no morphological 
distinction of bats between the two regions (Lausen et al. 2008). Nonetheless, questions 
pertaining to the status of the subspecies over the entire distribution of little brown myotis 
remain (Carstens & Dewey 2010). To address the question of evolutionary independence 
of populations defined by mitochondrial lineages, I delineated populations by the 
geographic distribution of cytochrome b lineages, and modeled demographic history of 
the three populations simultaneously using RAD data in δaδi. I assumed that history of 
populations corresponding to geographic distributions of lineages resembled the 
phylogeny of cytochrome b. I modeled divergence of the eastern population from the 
ancestral population at time T1, followed by divergence of bats along the West Coast 
from inland western North America at time T2, with exponential growth of the eastern 
population (Dixon 2011b). I selected 20 individuals from each region (West Coast, Inland 
West, and East) including sites to maximize geographic representation, but excluding 
sites with the least represented cytochrome b haplotype (MT2, BC1 and AB2; Figure 
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3.4), and one site with an even mixture of different haplotypes. Data were projected down 
to 20 alleles per population, and parameters were optimized for the model as described 
above. 
Results 
Genome-wide ddRAD-seq data 
 The final ddRAD-seq dataset included 4,783 loci for 308 M. lucifugus, plus three 
M. yumanensis individuals included as an outgroup. Loci included in the dataset had data 
for at least 90% of alleles, and on average loci had complete sequence data for 97.5% of 
alleles in the sample. In BLAST searches, 3,838 loci (80.2%) aligned to a contig or 
scaffold in the M. lucifugus draft genome. Aligned RAD loci had a mean length of 92.8 
bp (σ = 14.0). Loci were highly polymorphic, with an average of one SNP every 5.7 bp 
(mean = 0.18 SNP/bp; σ = 0.074), and an average of 24.9 haplotypes per locus (σ = 15.7). 
A plot of the distribution of polymorphisms across loci was normally distributed without 
positive skew, indicating that the mean number of polymorphisms was not driven by a 
few highly polymorphic loci.  
 Principal components analysis of 84,503 polymorphisms in the ddRAD-seq 
dataset provides a clear summary of the structure of genome-wide genetic variation 
across North America (Figure 3.1). The first two PCs explain 2.73% of the total variance, 
with PC1 accounting for 2.12%, and PC2 accounting for 0.61%. K-means clustering of 
principal components separated little brown myotis into two main populations, with a 
split at the origin of PC1, which divides eastern and western North America along a line 
somewhat to the east of the Rocky Mountains (Figure 3.1). As measured by PC1 and 
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PC2, there was little evidence of population structure across most of the eastern region, 
with bats in localities extending from Ontario, Minnesota, Iowa and Missouri to the East 
Coast (which included sites separated by over 2,400 km), forming a densely overlapping 
cluster (Figure 3.1B). Genetic differentiation among sites increased from North Dakota 
and Manitoba moving westward. On the western side of the species’ range (west of 
eastern Montana), genetic variation largely reflected geography, with PC coordinates of 
individuals roughly mirroring the map of capture locations, a pattern consistent with a 
correlation between geographic and genetic distance over the landscape (Novembre et al. 
2008). In Montana at the division between the two populations, four sites separated by at 
most 550 km (the distance between sites MT1 and MT2; Figure 3.1A), showed 
substantial genetic differentiation. Differentiation of the geographically closest sites 
across the Montana and North Dakota border (MT3 and ND2, separated by ~330 km) 
spanned roughly half of the total range of PC1. Although PC2 captured North-South 
separation between sites in the West, there was little differentiation of sites east of 
Montana along PC2. For example, bats from the high latitude sites NT1 and AB3 
clustered closely with bats from AB1, approximately 1,000 km to the south. East-west 
separation was still captured by PC1 in this central region, however, with sites in 
Saskatchewan (SK) and Alberta (AB) distinguishable in Figure 3.1B. Individuals or 
groups were not readily distinguishable in plots of PC3 and PC4. 
 Average differentiation between the eastern and western populations (“East” and 
“West,” respectively) for RAD loci was moderate (FST  = 0.121; ΦST = 0.147). Average 
nucleotide diversity was high in both populations (πEastern = 0.0134, πWestern = 0.0137). 
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Tajima’s D was negative for both populations, being slightly negative in the West (D = - 
0.517) and more negative in the East (D = - 1.164), indicating an excess of low-
frequency, derived alleles. There was a significant correlation between genetic and 
geographic distance in both the western and eastern populations (Mantel test, p < 0.001 
and p = 0.006, respectively; Figure 3.2); in the East, however, bats west of Minnesota and 
Ontario contributed most to this trend, and when these ten sites were removed, the 
correlation was no longer significant (p = 0.29; Figure 3.2C).  
 I performed a multivariate analysis of genetic distance between sites including 
both geographic distance and the presence/absence of a mountain range as predictor 
variables in the West, East, and East excluding sites west of Minnesota and Ontario (“far 
East”). Controlling for geographic distance, the presence of a discretely defined mountain 
between sites was not significantly correlated with genetic distance in the West (p = 
0.66), the East (p = 0.31), and was marginally non-significant in the far East (p = 0.10). 
Geographic distance in multiple regressions was a significant predictor of genetic 
distance in the West (p = 0.001), but not in the East (p = 0.31) or far East (p = 0.24). 
 I identified 85 SNPs (out of 10,160 SNPs scanned) at 61 RAD loci with greater 
than expected FST relative to genome-wide levels, making them candidates for loci under 
divergent (as opposed to purifying or balancing) selection between the eastern and 
western populations. In theory, the majority of RAD loci are neutrally-evolving; 
however, some loci fall within or near genes, and may be influenced by selection acting 
on those genes. Of the 61 outlier RAD loci with hits to the genome, 18 loci (29.5%) fell 
within the span of a known gene (including introns; Ensembl release 75; Flicek et al. 
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2014). Strong selection on a functional gene may result in elevated FST at linked, neutral 
sites leading to “islands of divergence” along a chromosome (Feder & Nosil 2010; Nosil 
et al. 2009; Turner et al. 2005; Wu 2001). 8,177 SNPs included in the genome scan 
aligned to the M. lucifugus draft genome, allowing me to assess whether outlier loci were 
non-randomly distributed in the genome, or fell within stretches of the genome with 
elevated FST (Figure 3.3). Several outlier SNPs had neighboring sites with elevated FST, 
but few elevated regions appeared to stretch beyond one Mb. I identified five outlier 
RAD loci adjacent to another outlier in the genome. Four of the adjacent outlier pairs 
were separated by 100 – 500 kb, and for three of these pairs, one RAD locus fell within a 
gene, and the remaining pair straddled a gene and also fell within 2.6 kb of another gene. 
One pair of outliers was separated by ~ 1.9 Mb, and straddled eight known genes (Table 
3.1). 
 When comparing across the Appalachians within the eastern population, in 
contrast, only 11 SNPs at eight loci were identified as outliers (q-value ≤ 0.10). FST 
values ranged from 0.019 – 0.032, whereas average FST across non-outliers was 0.0033. 
In the case of divergent selection between populations with high rates of gene flow, I 
expect linkage disequilibrium to be broken down more rapidly by recombination, and 
thus regions of elevated FST surrounding loci under selection to be small. There was no 
evidence of regions of elevated FST in plots of FST versus SNP position (data not shown). 
Of the seven loci with hits to the genome, five fell within the span of a known gene. 
Extending consideration to SNPs with q-values ≤ 0.20 added three more loci with hits to 
the genome, all three of which fall within the span of a gene. 
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Cytochrome b data 
 Cytochrome b sequence data were highly polymorphic. There were 108 variable 
sites in the 536 bp region I sequenced (one SNP every 4.96 bp), and 112 unique 
cytochrome b haplotypes in the 557 sequences analyzed. Phylogeographic analysis of 
cytochrome b shows paraphyly with western long-eared myotis species (M. evotis, M. 
keenii, M. thysanodes), and several highly divergent lineages of M. lucifugus with largely 
non-overlapping geographic distributions (Figure 3.4). Within M. lucifugus, four clades 
were highly divergent, separated from one another by at least seven mutations. One clade 
was restricted to the west coast of North America (shown in blue); another restricted to 
western Montana, Wyoming, Colorado, and Utah (green); a smaller clade found in 
Alaska, northwestern Montana, and British Columbia (orange); and the most well 
represented clade was distributed throughout much of North America, though most 
common east of the Rocky Mountains and altogether absent from sites in Oregon and 
California (red and pink; Figure 3.4B). The most well represented lineage in the network 
formed a star-like pattern with many low-frequency haplotypes that differed from the 
most common haplotype by a single mutation, indicative of population expansion (shown 
in red; Figure 3.4A). Haplotypes of bats sampled east of roughly the Appalachian 
Mountains fell exclusively within this lineage. 
 Because geographic distribution of haplotypes appears to roughly correspond with 
topographic features, and bat dispersal is known to be influenced by topography (Cryan 
et al. 2000), I delineated populations by major mountain ranges (Rocky Mountains, 
Sierra Nevada, Cascades, and Appalachians; Figure 3.1A) and measured pairwise 
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differentiation at populations for mtDNA. I defined four populations: 1) west of the 
Sierras/Cascades, 2) west of the Rockies and east of the Sierras, 3) east of the Rockies 
and west of the Appalachians, and 4) east of the Appalachians. Pairwise comparisons of 
mtDNA showed that populations were highly significantly differentiated across mountain 
ranges (ΦST ranges from 0.104 to 0.768, all p < 0.001; Table 3.2). Although haplotypes of 
bats east of the Rocky Mountains were closely related, there was nonetheless significant 
structure across the Appalachians (ΦST = 0.104, p < 0.001), with lower nucleotide 
diversity east of the Appalachians (π = 0.0020; 95% CI: 0.0019 – 0.0022) than east of the 
Rockies (π = 0.012; 95% CI: 0.011 – 0.012). In western North America, bats with 
different regional haplotypes co-occurred at several sites, including maternity colonies; in 
all instances at least one of the haplotypes was from the eastern clade (Figure 3.4B). 
Several bats with one of the three western cytochrome b haplotypes were assigned to the 
eastern population based on nuclear RAD data, and conversely several bats with eastern 
cytochrome b haplotypes were assigned to the western population based on nuclear RAD 
data. 
Y chromosome data 
 In contrast to the cytochrome b and other RAD data, there was relatively little 
polymorphism in the Y locus. There were ten polymorphic sites in 490 bp (one 
polymorphism every 49 bp), and eight haplotypes among 123 individuals. Significant 
phylogeographic structure east and west of the Rockies mirrored patterns in the RAD 
data; however, differentiation was far higher for this locus than for other nuclear loci (ΦST 
= 0.745, FST = 0.590, p < 0.001; Figure 3.5). Within each population, there was a single, 
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dominant haplotype, and two to four low frequency haplotypes differing by only a single 
mutation. Given the low polymorphism at this locus, the two populations were relatively 
divergent, with four polymorphisms separating the two most common haplotypes (Figure 
3.5). Tajima’s D was significantly negative for the eastern lineage (D = -1.461, p = 
0.032), but not the western Y chromosome lineage (D = -0.811, p = 0.260). 
Geographic distribution of eastern and western alleles 
 I identified 25 loci common to three criteria for identifying outliers (using 
Bayescan comparing East and West, 40 highest ΦST values comparing west of the Sierra 
Nevadas and east of the Appalachians, and 40 highest loadings on PC1). Six of these loci 
aligned to a known gene (Table 3.3). I arbitrarily selected three of these six loci, plus two 
that landed within 5000 bp of a known gene, to evaluate the distribution of eastern and 
western alleles relative to other markers (Table 3.3). For outlier loci, cytochrome b, and 
loci on the Y chromosome, there were two clear lineages at high frequency in either the 
East or West. I categorized alleles as eastern or western and plotted the transition in allele 
frequency over the landscape relative to the average posterior assignment probabilities of 
bats from each site (Figure 3.6).  
 The location across sites of the transition from eastern to western dominated 
alleles was generally consistent among marker types, with sites along the Front Range of 
the Rockies (eastern Colorado, eastern Wyoming, eastern Montana, Alberta and western 
Saskatchewan) having intermediate frequencies of both allele types. With the exception 
of two sites in Alaska, which had very high assignment probability to the western 
population, posterior assignment probabilities to the opposite populations were consistent 
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between the eastern and western populations (Figure 3.6A), suggesting symmetrical gene 
flow of neutral, nuclear markers between populations. For cytochrome b (Figure 3.6B), 
the transition from high frequencies of the eastern lineage into high frequencies of the 
western lineages occurs in the same region as for RAD loci (Figure 3.6A); however, 
whereas the eastern lineage is found in several western locations, some at high frequency, 
western lineages drop in frequency abruptly moving eastward across the transition point, 
with relatively little introgression of western cytochrome b lineages into the eastern 
population, suggesting asymmetrical gene flow of mtDNA. Although sample sizes were 
low for the Y chromosome, the transition in allele frequencies appears similar to that of 
average nuclear loci (Figure 3.6C). Figure 3.6D, showing an outlier locus that maps to a 
heparin-binding EGF-like growth factor, showed evidence of asymmetry in the opposite 
direction, with western alleles extending further into the eastern population than vice 
versa. Figure 3.6F, which maps to a P450 enzyme gene, shows very little introgression of 
the opposite allele into either population.  
Demographic analyses 
 In demographic analyses of the eastern and western populations, the joint AFS of 
ddRADseq SNP data were best fit by the isolation-with-migration model relative to a 
model without migration, and the fit did not substantially improve by modeling a period 
of isolation followed by secondary contact. To assess the fit of my model, I simulated 
datasets under an isolation-with-migration model using parameters estimated from the 
data, with simulations capturing the decay in LD observed in my RAD data. Model fit to 
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the data was significantly worse than model fit to simulated data (maximum log-
likelihood = -1767.825, p < 0.01; Figure 3.7).  
 The residual plot between the model and data indicated that the model fit well 
along the diagonal of the joint AFS, but under-predicted high-frequency, divergent alleles 
(i.e., derived alleles common in one population and rare in the other). Because an excess 
of high-frequency, divergent alleles relative to neutral expectations suggests divergent 
natural selection, I removed the 61 RAD loci that contained a SNP identified as an outlier 
by the program Bayescan, and reassessed model fit. Without these loci, the magnitude of 
residuals in the divergent corners of the joint AFS are reduced (Figure 3.8), but the model 
continued to underestimate the number of high-frequency, divergent alleles, and model fit 
to the data improved, but was still significantly worse than to simulated data (maximum 
log-likelihood = -1608.837, p < 0.01). Overall differentiation between the two 
populations did not decrease substantially when outlier loci were removed (FST  = 0.110 
with outliers removed, compared to FST  = 0.121 for all loci), and maximum likelihood 
parameter estimates were largely consistent (i.e., confidence intervals overlap for all 
parameters), indicating that outlier loci did not greatly influence demographic parameter 
estimates (Table 3.4). 
 Demographic parameters estimated for the ddRAD-seq data indicated that the two 
populations diverged from one another ~ one mya, with the eastern population beginning 
as a small proportion of the ancestral populations, and growing exponentially to ~ 9.3 
million bats (Table 3.4). The western population grew more steadily to ~ 1.9 million. 
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 I evaluated population genetic structure for the nuclear genome to determine if it 
was consistent with mtDNA structure and subspecies boundaries in western North 
America. To do this, I modeled the joint AFS for three populations defined by the 
geographic distribution of the three most common cytochrome b lineages (East, Inland 
West, and West Coast; Figure 3.4; Table 3.5), which roughly corresponded to subspecies 
distributions. Although I did not formally test the fit of the three population model, 
residual plots of the joint AFS between East and each of the western populations indicate 
a similar under-prediction of high-frequency, divergent alleles observed in the two-
population model, suggesting that the three-population model also inadequately fits this 
region of the joint AFS (Figure 3.9). In the residual plot of the West Coast - Inland West 
comparison, however, evidence of excess high-frequency divergent alleles is absent. 
Demographic parameters estimated in the three-population model (Table 3.5) were 
largely consistent with the two-population model (Table 3.4). In the three-population 
model the eastern population diverged from the ancestral population 1.2 mya, and the 
West Coast and Inland West populations subsequently diverged 136 kya. The effective 
population size estimate for the East was ~ 3.6 million, with a small founding population 
at divergence followed by exponential growth beginning ~ 1.0 mya. The Inland West and 
West Coast populations had effective sizes of ~ 1.0 million and 650,000, respectively, 
consistent with the western population in the two-population model (comprising both 
Inland West and West Coast distributions), which had ~ 1.9 million. Differentiation 
between West Coast and Inland West (FST = 0.064) was lower than differentiation 
between East and each of the two western populations (East - Inland West FST = 0.112; 
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East - West Coast FST = 0.139). The estimated migration rate between the Inland West 
and West Coast was up to ten times higher than between each of the western populations 
and the East. Migration between East and Inland West was four times higher than 
between East and West Coast. 
Discussion 
Population connectivity and demographic history 
 Genome-wide sequence data indicate that the little brown myotis comprises two 
populations roughly divided by the Rocky Mountains. In spite of their capacity for flight 
and opportunities for large-scale gene flow through nonselective mating in swarms, 
genetic differentiation is surprisingly high between the eastern and western populations.  
 Within the West, there was a distinct correlation between genetic differentiation 
and geographic distance, where bats from sites separated by as little as 250 km were 
distinguishable by ddRAD-seq data (Figure 3.1A and B). This level of differentiation of 
neighboring sites is striking given mark-recapture studies demonstrating that little brown 
myotis in eastern North America can travel 800 km between seasons, and 20% of 
relocation distances exceed 500 km (Davis & Hitchcock 1965; Fenton 1969; Humphrey 
& Cope 1976; Norquay et al. 2013). There is little information on individual movements 
of western little brown myotis, and dispersal distances by western bats may differ from 
eastern bats. Based on what is known from eastern bats, gene flow is associated with 
swarming near hibernacula, and site fidelity is high (Davis & Hitchcock 1965; Humphrey 
& Cope 1976; Norquay et al. 2013; Thomas et al. 1979), and thus I expect population 
genetics to be defined by swarming sites and hibernacula. For example, Natterer’s bat 
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(Myotis nattereri) populations in northern England are structured around swarming sites 
rather than maternity colonies (Rivers et al. 2005a; Rivers et al. 2005b). All western bats 
in my sample were captured during the summer, either from maternity colonies (MT1, 
MT3, UT1) or foraging sites. Because genetic structure of bats captured during the 
summer in the West reflects the geography of their summer capture locations, it is 
unlikely that western bats disperse widely between seasons, and my data suggest that they 
remain relatively close to their swarming sites and hibernacula throughout the year. As 
far North as Fairbanks, Alaska, little brown myotis have been sited in October and early 
May, when they would be entering and just emerging from hibernation, respectively, 
suggesting that bats are able to find suitable hibernacula nearby, even at high latitudes 
(Parker et al. 1997). These observations are consistent with my findings that the 
correlation between genetic differentiation and geographic distance is maintained 
throughout the western population, including at its northern extent. 
 My demographic analyses indicate a smaller effective size for the western 
compared to the eastern population. Winter surveys show that hibernating colonies are far 
smaller in western North America (Nagorsen et al. 1993; Perkins et al. 1990; Schowalter 
1980), and swarms are presumably smaller as well. Low population density facilitates 
isolation by distance (Mallet 1999; Wright 1943), and mating in small swarms may not 
achieve the level of gene flow necessary to counter the effects of genetic drift in small 
populations. Nonetheless, it is unlikely that differences in population size alone would 
explain genetic differentiation of sites in the West compared to the East if western bats 
were dispersing widely between seasons. 
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 The terrain in western North America poses greater barriers to dispersal compared 
to that of the East. If physiographic features such as mountain chains were solely 
responsible for differentiation of the nuclear genome, one would expect a less smooth 
rate of genetic isolation over the landscape and greater breaks in genetic similarity 
associated with discrete barriers than I observed in my ddRAD-seq data. Although 
differentiation of nuclear loci was not significantly associated with discretely defined 
mountain ranges, mitochondrial cytochrome b in the West showed strong geographic 
structuring of deeply divergent lineages corresponding to mountain ranges. Mitochondrial 
phylogeographic structure was similar to that observed in some other bat species 
(Turmelle et al. 2011; Weyandt & Van Den Bussche 2007), as well as other taxa 
(Brunsfeld et al. 2001; Swenson & Howard 2005). Shared phylogeography among 
diverse taxa in western North America is likely the result of historical glacial refugia and 
physiographic features (Swenson & Howard 2005).  
 The East, in contrast to the West, appears largely unstructured for nuclear 
markers, with little geographic differentiation east of North Dakota and Manitoba. 
Swarming sites and hibernacula can reach hundreds of thousands of individuals, 
particularly in the northeastern United States (Frick et al. 2010; Langwig et al. 2012), and 
potential hibernacula are relatively common over the landscape (Culver et al. 1999). 
Demographic analyses indicate that the effective size of the eastern population is 
substantially larger than the western, and thus higher densities of bats and greater 
connectedness among swarming sites likely facilitates high rates of gene flow relative to 
the influence of drift. Furthermore, mark-recapture data in the East suggests that bats 
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disperse widely between seasons; bats that share a maternity colony very often do not 
share a hibernaculum, and, although infrequently, bats may relocate to new swarms or 
colonies hundreds of kilometers away (Davis & Hitchcock 1965; Norquay et al. 2013). 
The low population genetic structure in the East fits expectations based on these dispersal 
patterns far better than does structure in the West. Interestingly, the high-latitude sites 
assigned to the eastern population (NT1 and AB3; Figure 3.1A) cluster closely with 
lower latitude sites, in contrast to the differentiated, high-latitude western sites. It is 
difficult to say with certainty whether the difference in population genetic structure of 
high-latitude sites relative to their respective core populations is the result of historic or 
contemporary processes (e.g., population expansion, gene flow, or both). High-latitude 
sites in eastern North America were glaciated until roughly 10 kya and thus these bats 
most likely represent a recent range expansion, whereas bats in Alaska and Yukon 
Territory may have remained in glacial refugia in western Alaska (Carrara et al. 2007; 
Provan & Bennett 2008). 
 There is strong evidence, in both nuclear and mitochondrial markers, for a 
relatively small founding event in the East followed by exponential increase in population 
size. Population growth explains the large number of closely related alleles at cytochrome 
b, the excess of low frequency alleles in the nuclear genome (as indicated by negative 
Tajima’s D), and also explains the general lack of structure in the eastern population. 
These results are consistent with findings of population growth based on a study of 
eastern little brown myotis sampled in Minnesota (Dixon 2011b). This same study, 
however, estimated that population expansion began roughly 18 kya. Inclusion of a 
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second time parameter in the isolation with migration model in δaδi (allowing population 
expansion to occur after the split), gives an estimate of exponential growth beginning 800 
kya- very soon after the divergence between the eastern and western populations, and 
there is little improvement in model fit relative to the simpler model with a single time 
parameter. Single-population models including only the East arrive at similar estimates 
for timing of population expansion. While it is likely that both populations underwent 
several size changes associated with glaciation cycles, in my analysis the predominant 
signature of expansion for the eastern population as a whole began soon after the split 
between East and West, far earlier than the last glacial retreat. 
 Despite strong geographic structuring of cytochrome b in the West, migration of 
nuclear DNA is high across the geographic distributions of western mitochondrial 
lineages. Migration between West Coast and Inland West (Figure 3.4) was roughly four 
to 15 times greater than the migration rate between the eastern region and the western 
regions. Migration between East and Inland West was four times higher than between 
East and West Coast, not surprising given that bats in the East and Inland West are 
parapatric, whereas bats in the East and West Coast are allopatric except in the northern 
part of the range. The lower rate of gene flow between the latter two groups reflects the 
correlation between genetic differentiation and geographic distance. Although M. 
lucifugus subspecies were originally described by morphology, largely by differences in 
pelage color and body size (Miller Jr & Allen 1928), subsequent studies have found that 
morphological characteristics, mitochondrial lineages and subspecies boundaries do not 
closely coincide, and the validity of several subspecies within M. lucifugus has been 
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debated (Carstens & Dewey 2010; Dewey 2006; Lausen et al. 2008). In this study, I 
lacked samples over much of the extent of M. l. alascensis, M. l. relictus, and M. l. 
pernox as described by Hall (1981), and did not evaluate gene flow across the geographic 
distribution of these subspecies; thus the status of bats in these regions remains to be 
determined. My results nonetheless indicate significant nuclear gene flow across 
boundaries between mitochondrial lineages, supporting the notion that western 
mitochondrial lineages do not represent contemporary, parapatric subspecies. 
Geographic structure of differentially-inherited markers 
 The contrast between highly geographically structured, maternally-inherited 
mtDNA and unstructured, biparentally-inherited, nuclear RAD loci suggests male-biased 
dispersal. Although the difference in effective population size between mtDNA and 
nuclear loci may result in greater structure of mtDNA without sex-biased gene flow, 
male-biased dispersal is further supported by lack of structure of the paternally-inherited 
Y chromosome within western North America.  
 The location of the transition from eastern to western dominated alleles appears to 
be consistent for average nuclear loci, mtDNA and loci on the Y chromosome. For 
mtDNA, however, the eastern lineage was found at high frequency in several localities 
where bats are characterized as “western” with high probability based on nuclear data, 
whereas western lineages were absent from localities characterized as “eastern” based on 
a nuclear data. This pattern suggests asymmetrical gene flow for mtDNA, with a higher 
rate of migration into the western population from the eastern population. Nuclear loci 
suggest symmetrical migration between the two populations. The contrast may be the 
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result of asymmetrical gene flow of females only, or could also be a reflection of the 
stronger effect of drift on the smaller effective population size of mtDNA, which may 
better reveal slightly asymmetrical gene flow between the two populations for both sexes. 
 RAD loci on the Y chromosome notably deviated from the average genomic 
locus, with very low nucleotide diversity and high differentiation between the eastern and 
western populations. Lower nucleotide diversity on the Y chromosome relative to 
autosomal and mitochondrial loci has been observed in a number of mammals, including 
humans, bonobos, lynx, wolves, cattle, reindeer and field voles (Eriksson et al. 2006; 
Hellborg & Ellegren 2004; Sayres et al. 2014). All else being equal, diversity should be 
correlated with the number of chromosome copies in a population, and thus both Y and 
mtDNA diversity is expected to be 0.25 that of autosomal diversity (Caballero 1995). For 
little brown myotis, nucleotide diversity on the Y was lower than mtDNA. 
 Nucleotide diversity and effective population size are influenced by a number of 
neutral and non-neutral processes, including reproductive skew, and purifying and 
positive selection. Highly skewed reproductive success of males relative to females, for 
example in polygynous mating systems, decreases Y nucleotide diversity and male 
effective population size (Kayser et al. 2003; Wilder et al. 2004; Wood et al. 2005). 
Although there is some evidence for non-random siring within maternity colonies of little 
brown myotis (Watt & Fenton 1995), mating appears to be predominantly random and 
promiscuous (Thomas et al. 1979; Wai-Ping & Fenton 1988), and reproductive skew is 
likely to be small relative to that of polygyny. Purifying selection on deleterious 
mutations and positive selection on beneficial mutations both remove diversity at linked 
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neutral sites, particularly on non-recombining, haploid chromosomes such as the Y 
(Hellborg & Ellegren 2004; Rozen et al. 2009; Sayres et al. 2014). Although purifying 
and positive selection leave similar genetic signatures, several studies argue that 
purifying selection has had greater influence on the human Y chromosome than positive 
selection (Chiaroni et al. 2009; Sayres et al. 2014). By contrast, it is speculated that 
positive selection on genes responsible for spermatogenesis has largely shaped the Y for 
species in which sperm competition is high (Goto et al. 2009; Hughes et al. 2005). Given 
that female little brown myotis mate with multiple males, and store sperm for several 
months before fertilization (Thomas et al. 1979), sperm competition may be very high 
(Hosken 1997; Orr & Zuk 2013). Although I do not have the data to distinguish positive 
and purifying selection on the Y chromosome, this may be an interesting avenue for 
further research, particularly if swarming and mating behavior differs between the eastern 
and western populations, potentially varying the strength and direction of selection within 
this species. 
Genomic outliers and divergent natural selection 
 The joint allele frequency spectrum between the eastern and western populations 
indicates an excess of high-frequency, divergent alleles relative to neutral expectations, 
suggesting divergent natural selection between the two populations. Any adaptive genetic 
variation unique to the eastern population may be threatened by declines from WNS, and 
thus may warrant management of specific populations. A genome scan identified 85 
outlier SNPs, all with elevated FST values relative to baseline genomic divergence. 
Theory predicts that divergent selection can result in differentiation of the locus under 
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selection and physically linked neutral sites, while gene flow and recombination 
homogenizes the rest of the genome, leading to heterogeneity in differentiation across the 
genome and ‘islands of divergence’ (Feder & Nosil 2010; Nosil et al. 2009; Turner et al. 
2005; Wu 2001). There was little evidence of large islands in Figure 3.3 (i.e., large 
enough to be detected at the density of my RAD loci), suggesting lack of a strong 
signature of divergent selective sweeps between the two populations. In a study of the 
Heliconius genome, islands of divergence between parapatric populations were 10 - 20 
kb in length, smaller than those between allopatric populations and sympatric species 
(Nadeau et al. 2013). Although the eastern and western populations are parapatric, the 
relative size of islands in M. lucifugus may differ from those reported for Heliconius, as it 
is dependent on the strength of selection and rate of recombination (Felsenstein 1981; 
Nosil et al. 2009). The median distance between my RAD loci was 328 kb, and thus 
genomic coverage was not dense enough to detect similarly small islands. I nonetheless 
detected single outliers and several adjacent outlier loci with elevated FST that aligned to 
a gene, indicating these populations likely harbor adaptative genetic variation that should 
be considered when developing conservation strategies.  
Population connectivity and white-nose syndrome 
 Since its emergence in 2006, WNS has spread rapidly throughout eastern North 
America, and to date its distribution continues to expand, currently reaching as far west 
as Wisconsin (Wisconsin Dept. of Natural Resources Press Release 2014). Although the 
little brown myotis is only one of several host species, it may be an important disperser of 
P. destructans over the landscape due to its wide distribution, high dispersal rates (Davis 
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& Hitchcock 1965; Norquay et al. 2013), and its abundance in hibernacula (Langwig et 
al. 2012; Wilder et al. 2011). Furthermore, genetic differentiation among winter colonies 
of this species is correlated with the spread of WNS (Chapter 2; Miller-Butterworth et al. 
2014). Several lines of evidence suggest that the rate of spread of WNS by this species 
may be lower in western North America than in eastern North America. First, dispersal of 
P. destructans by little brown myotis is likely to slow as WNS approaches the boundary 
between the eastern and western populations. Migration of bats between these two 
populations is lower than within, as indicated by large dispersal distances and lack of 
genetic structure in the East, and by the higher migration rate within regions of the West 
than between the East and West. Second, connectivity by bats among western sites is 
lower than among eastern sites. Genetic differentiation of western bats captured in the 
summer suggests that, in contrast to eastern bats, western bats do not disperse widely to 
mate and relocation within seasons is relatively infrequent. All else being equal, 
infrequent and locally restricted dispersal events decrease opportunities for rapid spread 
of a pathogen over the landscape. Third, genetic data indicate that the eastern population 
is several times larger than the western population. Because WNS tends to emerge in 
larger colonies first (Wilder et al. 2011), emergence of WNS in the smaller winter 
colonies of the West should be slower if this pattern holds true. The effective dispersal of 
the pathogen and introduction to unaffected sites depend on a number of unknown 
factors, however, including seasonal variability of transmission dynamics, changes in 
dispersal behavior of infected bats, host competency and environmental conditions, all of 
which influence disease spread over the landscape (Altizer et al. 2006; Anderson & May 
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1991; Paull et al. 2011). Nonetheless, my genetic data provide a measure of population 
connectivity to gauge the existing potential for pathogen spread by a common host, and 
suggest that the spread of the disease may be slower in the west than it has been in the 
East. 
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Table 3.4. 
Maximum likelihood parameters from isolation-with-migration models estimated in δaδi (RAD-seq 
data). 95% confidence intervals are shown in parentheses. Ni = effective size of population i (A = 
ancestral, E = eastern, W = western); T = time of split; s = proportion of ancestral population 
founding eastern population; mij = effective migration from population j into population i, given as a 
proportion of population i. 
 
Parameter RAD RAD (outliers removed) 
NA 1.1 M (1.0 M – 1.2 M) 1.1 M (1.1 - 1.2 M) 
T 1.0 M (852 K – 1.3 M) 1.1 M (899 K – 1.3 M) 
s 0.13 (0.09 – 0.13) 0.11 (0.06 – 0.14) 
NE 9.3 M (8.3 M – 10.5 M) 9.8 M (8.6 M – 10.9 M) 
NW 1.9 M (1.6 M – 2.1 M) 2.0 M (1.8 M – 2.2 M) 
mEW 1.2 × 10-6  
(1.2 × 10-6 – 1.4 × 10-6) 
1.4 × 10-6  
(1.3 × 10-6 – 1.6 × 10-6) 
mWE 1.2 × 10-6  
(1.0 × 10-6 – 1.3 × 10-6) 
1.1 × 10-6  
(9.4 × 10-7 – 1.6 × 10-6) 
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Table 3.5. 
Maximum likelihood parameters from an isolation-
with-migration model of three populations, defined by 
geography of mitochondrial lineages. Ni = effective size 
of population i (E = East, WC = West Coast, IW = 
Inland West); T1 = time of East-ancestral divergence; T2 
= time of IW-WC divergence; Tg = start of exponential 
growth of E; s = proportion of founding E; mij = 
effective migration between population j and i, given as 
a proportion of populations. 
 
Parameter RAD data 
NA 818 K 
T1 3.6 M 
T2 136 K 
Tg 1.0 M 
s 0.06 
NE 3.6 M 
NIW 993 K 
NWC 650 K 
ME-WC 2.46 × 10-7 
MWC-IW 3.73 × 10-6 
MIW-E 8.99 × 10-7 
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Figure 3.1. 
A) Geographic distribution of hibernacula, swarming sites, foraging sites and maternity colonies where little 
brown myotis were sampled. Sites are colored by administrative boundaries (i.e., states, provinces, and 
territories), labeled with a postal abbreviation and uniquely numbered. Dotted lines indicate the general location 
of major mountain ranges (from west to east: Sierra Nevada/Cascades, Rocky Mountains, and Appalachians). 
B) Principal components analysis of genetic diversity at RAD loci among all sampled bats; scores for the first 
and second principal components (PC1 and PC2) are plotted. Each label represents an individual bat captured 
at the corresponding site in A. 
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Figure 3.2. 
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Figure 3.3. 
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Figure 3.4. 
A) Cytochrome b haplotype network for little brown myotis. Each pie represents a haplotype; pie size 
corresponds to the number of bats that share the haplotype. Colors correspond to sampling locations plotted in 
B. Gray circles show western long-eared myotis (M. evotis, M. keenii, M. thysanodes) haplotypes. Line segments 
represent single base changes between haplotypes. The root of the network is indicated by the dotted lone. Open 
circles represent unsampled haplotypes. B) Geographic distribution of cytochrome b lineages. Pie sizes 
correspond to the number of bats sampled at each site. 
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Figure 3.5. 
A) Haplotype network for concatenated RAD sequence data on the Y chromosome. Colors correspond to 
divergent haplotypes on the network plotted in B. B) Geographic distribution of Y chromosome haplotypes. Pie 
size corresponds to the number of haplotypes from a given site; colors correspond to haplotypes in the network 
in A. 
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Site 
Figure 3.6. 
Allele frequencies (from 0 to 1) of eastern and western lineages of cytochrome b, Y chromosome and outlier loci 
(Table 3.3) relative to average posterior assignment probabilities across sampling sites. For all loci except 
cytochrome b, the high frequency lineage in the East is shown in red, and the West shown in blue. For 
cytochrome b, colors correspond to the colors in the haplotype network in Figure 3.4. A) Average posterior 
assignment probabilities to the eastern (red) or western (blue) population; B) cytochrome b; C) Y chromosome; 
D) HBEGF; E) SNX33; F) CYP450; G) C2orf18; H) MLANA.  
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Figure 3.7. 
Joint allele frequency spectra (AFS) for biallelic SNPs from the ddRAD-seq data (top left), and as simulated in 
the isolation-with-migration model (top right) of the eastern and western populations. Each cell corresponds a 
possible two-dimensional frequency, i.e., frequency of the derived allele in each population. Colors correspond to 
the number of SNPs within each cell, indicated by the color scale. Residual AFS (bottom left) shows fit of the 
model to the empirical data (or lack thereof), with color and intensity of each cell indicating the sign and 
magnitude of the residual. Red or blue residuals indicate over- or under-prediction, respectively, of the number 
of SNPs in each 2-dimensional bin. The histogram (bottom right) shows the distribution of residuals between 
model and empirical data. 
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Figure 3.8. 
Joint allele frequency spectra (AFS) for biallelic SNPs from the ddRAD-seq data after outlier loci were removed 
(top left), and as simulated in the isolation-with-migration model (top right) of the eastern and western 
populations. Lower panels show information on residuals as in Figure 3.7. 
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Figure 3.9. 
Joint allele frequency spectra (AFS) for a three-population isolation-with-migration model. Each column shows 
one pairwise population comparison, with ddRAD-seq data (top row), simulated data (center row), and residuals 
(bottom row).
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CHAPTER 4: A preliminary comparison of population genomics of little brown 
myotis (Myotis lucifugus) before and after the emergence of white-nose syndrome 
Abstract 
 White-nose syndrome (WNS) is a recently emerged, infectious disease of 
hibernating bats that has caused 90-100% declines in hibernating bat colonies in eastern 
North America. It first emerged in 2006 in a hibernaculum in Schoharie County, New 
York and spread rapidly throughout eastern North America. Recently, some hibernating 
colonies of little brown myotis near the epicenter of the disease have shown attenuation 
of declines and stabilization of growth rates, albeit at a fraction of original population 
sizes. This recent stabilization may have resulted from immigration of bats into the region 
following decline of the pre-WNS population, or from resistance of surviving bats to 
mortality from WNS. I generated whole-genome sequence data for little brown myotis 
sampled before and after the onset of major declines from WNS from two hibernacula 
near the disease epicenter. I compared genome-wide and locus specific FST and 
nucleotide diversity (π) between samples from the two time periods to test the hypotheses 
that immigration into the region or evolution of resistance of bats to WNS has caused the 
recent stabilization of populations. I hypothesized that immigration would result in 
significant genome-wide population genetic structure and increased nucleotide diversity 
between the two sampling periods, whereas natural selection on standing genetic 
variation in the pre-WNS population would result in loci with elevated FST and decreased 
nucleotide diversity in the post-WNS population relative to genome-wide averages. I 
found that differentiation and nucleotide diversity across the genome and at a 
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mitochondrial locus did not significantly differ between the two sampling periods, 
suggesting that migration from outside the WNS-affected region was low, and effects of 
small population size had not yet substantially reduced genetic diversity. Across the 
genome, locus-specific FST values were variable, and thousands of single nucleotide 
polymorphisms (SNPs) were fixed or nearly fixed between samples from the two periods, 
but no more than expected by chance given the small sample size, as demonstrated by 
randomly assigning individuals to groups and measuring FST and π. To distinguish 
regions that may be under selection from those that deviate from average genomic 
differentiation by chance, I calculated average FST and π in 1-kb segments and examined 
segments that exceeded an arbitrarily set threshold of FST and π. Although the number of 
segments that exceeded the threshold did not differ from random expectations, the 
clustering of these segments in the genome was greater, and the length of adjacent 
segments with high FST and low post-WNS π comprised larger genomic regions than 
expected by chance. These analyses represent a preliminary evaluation of a small sample, 
but nonetheless suggest that migration of bats from outside the WNS region is unlikely to 
be high enough to explain the stabilization of populations, and may hint at a potential 
evolutionary response to WNS. Ultimately more samples and in depth analyses are 
necessary to robustly test these hypotheses. 
Introduction 
 White-nose syndrome is a disease of hibernating bats caused by the introduced 
fungal pathogen Pseudogymnoascus destructans (Blehert et al. 2009; Lorch et al. 2011; 
Minnis & Lindner 2013; Warnecke et al. 2012). Following its discovery in a cave near 
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Albany, New York in 2006, WNS spread rapidly across eastern North America, causing 
severe declines in several hibernating bat species (Langwig et al. 2012). Yearly mortality 
rates in WNS-affected bat colonies often exceed 90%, and the little brown myotis (Myotis 
lucifugus), once a common bat species numbering in the millions in eastern North 
America, faces the possibility of regional extinction within the next two decades based on 
declines observed in the first few years of the epizootic (Frick et al. 2010).  
 Langwig et al. (2012) used winter colony counts at hibernacula in the Northeast to 
show that little brown myotis colonies had a median growth rate greater than one in the 
30 years before WNS emerged in 2006 (λ ≈ 1.05). Following the emergence of WNS 
within a colony, the median colony growth rate dropped to λ ≈ 0.25 for three years, which 
can be interpreted as a 75% decline in the census population per year. Declines in a given 
colony were maintained for three years following the emergence of WNS before 
stabilizing near λ ≈ 1 for the next two years (Langwig et al. 2012). The attenuation of 
declines within colonies (i.e., recovery of λ), can be explained by several possibilities. 
Mortality rates might decrease as population density decreases following several years of 
high mortality; WNS, however, does not necessarily follow a pattern of density-
dependent transmission, as the magnitude of mortality was not related to colony size 
(Langwig et al. 2012). Alternatively, an influx of migrants from regions unaffected by 
WNS might maintain population levels through source-sink dynamics. If the remaining 
individuals are indeed survivors from the original population, they either avoided 
exposure to P. destructans, or represent a non-random subset of the original population 
with some form of resistance to the pathogen. 
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 I generated whole-genome DNA sequence data for little brown myotis sampled 
from two hibernacula near the epicenter of WNS before the onset of major declines from 
the disease in 2008 (hereafter “pre-WNS”), and again in 2013 (hereafter “post-WNS”). 
My objectives were to test for significant changes in nucleotide diversity and/or allele 
frequencies between bats sampled before and after declines from WNS in order to test for 
population genomic changes indicative of immigration or population bottleneck, which 
leave signatures across the entire genome, or selection, which leaves a locus-specific 
signature (Table 4.1).  
 First, if bats have immigrated into the region following decimation of the pre-
WNS population, I hypothesized that nucleotide diversity would be higher in the post-
WNS compared to the pre-WNS sample (Table 4.1A). In the pre-WNS period, bat 
populations east of the Appalachian Mountains had significantly lower levels of 
nucleotide diversity for cytochrome b than populations west of the Appalachians 
(Chapter 3). The region east of the Appalachians has suffered declines from WNS longer 
and populations may be more depleted than populations west of the Appalachians; thus if 
bats immigrate from less affected or unaffected regions west of the Appalachians, 
nucleotide diversity should increase for at least cytochrome b, and possibly nuclear loci 
as well. Additionally, there would be significant population genetic structure between the 
pre-WNS and post-WNS sample at mitochondrial loci and across the genome. 
 Second, although few generations have passed since the onset of the population 
bottleneck, and genetic drift has had little time to cause a loss of genetic diversity, I 
hypothesized that if the declines from WNS have reduced the original population to a 
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level that genetic drift causes a loss of genetic diversity, nucleotide diversity may be 
lower in the post-WNS sample that the pre-WNS sample (Table 4.1B).  
 Third, if the post-WNS population is a non-random subset of the pre-WNS 
population with some level of resistance to WNS, I hypothesized that there would be no 
overall change in nucleotide diversity and genetic structure across the genome, but alleles 
associated with resistance to WNS will have significantly higher frequency in the post-
WNS sample (Table 4.1C). Loci associated with resistance would have elevated FST 
relative to the genome-wide average between pre-WNS and post-WNS samples. There 
have been too few generations since the emergence of WNS for a de novo mutation 
conferring resistance to have swept through the population (characterizing a “hard 
sweep”), and thus alleles associated with resistance would have been present in the 
population before WNS (a "soft sweep"; Scheinfeldt & Tishkoff 2013). The magnitude of 
declines suggests that resistance alleles, if present, were rare in the pre-WNS population. 
For these reasons I did not expect fixed differences in alleles at resistance loci between 
the two time periods per se, but rather that alleles that have shifted in frequency from rare 
to common relative to the rest of the genome. Selection on formerly rare resistance loci 
would also decrease nucleotide diversity at closely linked loci if a subset of alleles 
increased in frequency in the population (Prezeworski et al. 2005); thus I hypothesized 
that resistance loci would be characterized by both increased FST and decreased 
nucleotide diversity in the post-WNS sample relative to the pre-WNS sample. 
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Methods 
Sampling 
 I obtained tissue from little brown bats at two hibernacula in 2008 and 2013: 
Williams Hotel Mine in Ulster County, New York, and Barton Hill Mine in Albany 
County, New York. Williams Hotel Mine is located ~160 km south of the first known 
cases of WNS in Howes Cave (Schoharie County, New York), and Barton Hill is located 
~110 km north of Howes Cave, and ~250 km from Williams Hotel. Surveyors began 
observing bats at Barton Hill with symptoms of WNS in late March, 2008, and at 
Williams Hotel in January, 2008 (New York State Dept. of Environmental Conservation, 
unpublished data). Bats representing the population before the majority of WNS mortality 
occurred in these locations (“pre-WNS”) were first sampled during the hibernating 
season from Williams Hotel on 13-14 February 2008, and from Barton Hill on 26 
February 2008, for immunological study by Moore et al. (2011). For that study, adult 
male and female little brown myotis were collected from roosts, sacrificed, and frozen at 
-80 °C. I used pectoral and heart tissue from eight of those bats from Barton Hill, and 
nine bats from Williams Hotel for whole genome sequencing. I also sequenced a 536 bp 
portion of the mitochondrial cytochrome b gene for an additional eight bats from Barton 
Hill and an additional seven bats from Williams Hotel. I sampled these two locations 
again in 2013 during fall swarm (“post-WNS”). Based on mark-recapture data, little 
brown bats usually hibernate in the same hibernacula at which they swarm (Humphrey & 
Cope 1976; Norquay et al. 2013), and thus the fall population should approximate the 
hibernating population in demographic and population genetic profiles. I captured adult 
male and female little brown myotis in mist-nets and harp traps on 23 September 2013 at 
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Williams Hotel, and 24 September 2013 at Barton Hill, and took two 2.5 mm wing 
biopsies (Reudi & McCracken 2009). Wing biopsies were stored in ethanol at -80 °C. I 
used nine bats from Barton Hill and eight bats from Williams Hotel for whole genome 
sequencing, and also sequenced cytochrome b for an additional 31 bats from Barton Hill 
and 21 bats from Williams Hotel. DNA was extracted using the DNeasy Blood and 
Tissue Kit (Qiagen).  
Cytochrome b sequencing and data analysis 
 Within eastern North America, mitochondrial DNA is significantly structured, 
with differentiation in haplotype frequencies on either side of the Appalachian Mountains 
(Chapter 3). To test for changes in population genetic structure stemming from an influx 
of migrants from outside the Northeast, I sequenced part of the maternally-inherited, 
mitochondrial cytochrome b locus for 33 individuals sampled pre-WNS from Barton Hill 
(n = 17) and Williams Hotel (n = 16), and 70 sampled post-WNS from Barton Hill (n = 
40) and Williams Hotel (n = 30). I used primers, H16064 (5’- 
TCCCCTTTTCTGGTTTACAAGACC -3’) and L15524 (5’-
ACRGGRTCYAACAAYCCAACAGG-3’), to amplify 536 bp of the cytochrome b locus 
based on bat sequences available from GenBank. PCR products were amplified in 32 µL 
reactions using a touchdown PCR protocol as described by Balakrishnan & Sorenson 
(2007). Annealing temperature decreased from 60 °C to 54 °C in 0.5 °C increments for 
12 cycles, then remained at 54 °C for 30 cycles. PCR products were purified using 
Agencourt AMPure XP (Beckman Coulter) or a homemade SPRI-bead mix (Rohland & 
Reich 2012), and sequenced with the forward primer using BigDye Terminator v. 3.1 
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(Life Technologies) and an ABI PRISM 3100 sequencer. Cytochrome b sequences were 
aligned and edited in Sequencher v. 4.5 (Gene Codes). Haplotype networks were 
generated using TCS v. 1.2.1 (Clement et al. 2000). Pairwise ΦST values between 
colonies were calculated using uncorrected pairwise distances among cytochrome b 
haplotypes in Arlequin v. 3.5 (Excoffier et al. 2005a). 
Whole-genome sequencing and data analysis 
 I prepared fragment libraries for 34 samples for whole genome sequencing using 
the Nextera dual index sample preparation kit according to the standard Illumina 
protocol, except that I used 30 nM as a starting genomic concentration. I pooled the 34 
sample libraries in equimolar amounts and generated 150 bp paired-end sequence reads 
on the Illumina HiSeq 2500 platform, generating ~310 million paired-end reads for all 
samples combined. I used the program Cutadapt to trim adapter sequences from reads 
(Martin 2011), and aligned reads to the draft Myotis lucifugus genome using Bowtie2 
(Langmead & Salzberg 2012). In Bowtie2, I set the maximum length allowed between 
sequence pairs at 1000, and used the –very-fast preset option in end-to-end mode 
(aligning the entire length of the read to the reference genome). I converted .sam files to 
.bam files using Samtools (Li et al. 2009). I removed PCR duplicates, annotated and 
indexed .bam files using Picard in order to prepare files for the Genome Analysis Toolkit 
(http://picard.sourceforge.net). I used the Genome Analysis Toolkit (GATK) to locally 
realign regions to minimize mismatches due to insertions or deletions (indels) with the 
IndelRealigner function. Single nucleotide polymorphisms (SNPs) and indels were called 
with the UnifiedGenotyper function in GATK (Auwera et al. 2013; DePristo et al. 2011; 
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McKenna et al. 2010). I filtered polymorphic sites using vcftools (Danecek et al. 2011), 
excluding sites with a PHRED quality score < 30, a minimum total depth (across all 
samples) < 10, and a minimum mapping quality score < 30 from further analyses. 
 To test for temporal changes in genetic diversity or structure due to migration, 
population bottleneck effects, and natural selection, I compared genomic nucleotide 
diversity and tested population genetic structure between the two time periods. In order to 
evaluate all FST and π measurements against a null distribution, I randomly assigned 
individuals without replacement to two groups, performing all calculations exactly the 
same as for the actual, observed dataset. I replicated the randomization procedure 41-100 
times. I calculated nucleotide diversity (π) across the genome at each polymorphic site, 
and also within non-overlapping, 1-kb segments for the pre-WNS and post-WNS samples 
separately using vcftools (Danecek et al. 2011). I also calculated Weir and Cockerham’s 
weighted FST between pre-WNS and post-WNS samples both at each site and within 1-kb 
segments (Weir & Cockerham 1984). Genome-wide, weighted FST was calculated using 
vcftools (Danecek et al. 2011; Weir & Cockerham 1984). 
 To identify regions of the genome that may have been influenced by natural 
selection in the post-WNS population, I scanned for 1-kb segments with both elevated 
FST relative to the genome-wide average between the two samples and lower nucleotide 
diversity in the post-WNS than in the pre-WNS sample. Nucleotide diversity is variable 
across the genome, and to account for this I calculated the ratio of π between pre-WNS 
and post-WNS as πRatio = (πPre + 1)/(πPost + 1). One was added to each term to allow for π 
estimates equal to zero. For this calculation πRatio > 1 indicates that πPost > πPre, and πRatio < 
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1 indicates that πPost < πPre. Using each 1-kb segment, I then calculated the mean FST and 
πRatio within a sliding window of 10 kb (so that each window averaged up to ten, 1-kb 
segments) using the R package Zoo (R Development Core Team 2010). 
Results 
 To test for changes in population genetic structure stemming from an influx of 
migrants from outside the Northeast, I sequenced part of the maternally-inherited 
cytochrome b locus for all individuals sampled at both time periods and locations. There 
was no significant population genetic structure or difference in nucleotide diversity 
between the two time periods for either location, or for both locations combined (Table 
4.2); however, there was significant structure of cytochrome b between locations in the 
post-WNS period (Φ = 0.041, p = 0.007), but not the pre-WNS period. In the post-WNS 
period, nucleotide diversity for cytochrome b was higher at Barton Hill than Williams 
Hotel (πBarton = 0.0029, πWilliams = 0.0011, p = 0.003), but the two locations were similar in 
the pre-WNS period (Table 4.2). There was a single individual (out of n = 70 individuals 
total) in the post-WNS sample from Barton Hill with a cytochrome b haplotype separated 
from the nearest haplotype by three base changes (Figure 4.1). This haplotype is part of 
the eastern lineage that was absent from the Northeast in the phylogeographic study of 
little browns before WNS (Chapter 3), and was also absent from the pre-WNS sample in 
this study.  
 I generated whole-genome sequence data for 17 individual little brown myotis 
sampled in 2008 at Barton Hill and Williams Hotel, and 17 individuals sampled in 2013 
at Barton Hill and Williams Hotel (Table 4.3). Because the total number of individuals 
	  	  
105 
was low, for all analyses of whole-genome data I pooled bats from both hibernacula 
together into a single population and disregarded sampling location as a factor. I 
generated 310 million paired-end 150 bp reads for all samples combined. On average, 
46.7% of the paired reads had part or all of the Illumina adapter sequence, indicating that 
sequences for both reads fully overlapped because the sequenced fragment was smaller 
than 300 bp, causing the second read of the pair to be redundant. Based on the total 
number of non-redundant reads, individual samples were sequenced to an average depth 
of 0.78 relative to the 1.9 Gb genome size. After filtering sites, there were 43,785,599 
single nucleotide polymorphisms (SNPs) across the genome.  
 I expected temporal changes due to migration or population bottleneck effects to 
affect the entire genome, and thus compared average genomic nucleotide diversity and 
tested population genetic structure between the two time periods. Average pairwise 
nucleotide diversity across the genome was slightly higher in the post-WNS sample than 
in the pre-WNS sample (πPre = 1.520 × 10-3, πPost = 1.605 × 10-3). In order to test the 
significance of the observed estimates, I randomly assigned individuals to two groups and 
calculated FST and π in the same way as for the observed data. I compared observed data 
to 41 randomized datasets. The ratio of nucleotide diversity between pre-WNS and post-
WNS (πRatio = (1+ πPre) / (1+ πPost)) did not significantly differ from random expectations 
(p = 0.26). Across the genome, average differentiation between the two time periods was 
low (FST = 1.87 × 10-4) and also did not significantly differ from random expectations (p 
= 0.24). 
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 I assessed the distribution of FST values at polymorphic sites across the genome to 
provide a basis for identifying genomic outliers signaling a shift in allele frequencies due 
to natural selection on a particular locus. Although there were thousands of SNPs with 
high FST values between the two samples, the distribution of FST values in the observed 
data did not differ substantially from random expectations (Figure 4.2A); indeed, there 
were actually significantly fewer high FST values and more low FST values than expected 
by chance between pre-WNS and post-WNS samples (Figure 4.2B). For allele 
frequencies in which the minor allele is far lower than 0.5 (as it is for most loci), fixed or 
nearly fixed outcomes within a sample occur more often when sample sizes are balanced 
in the two populations; thus this discrepancy can be caused by a systematic imbalance in 
sample size at each site (i.e., sequence read depth). On average, there was greater read 
depth × number of sites (i.e., more alleles sequenced) in the post-WNS sample than the 
pre-WNS sample, and greater read depth × number of sites at Barton Hill than Williams 
Hotel (Table 4.3), which may have caused the slight deviation from random expectations. 
 Because there were many sites with high FST between the pre-WNS and post-
WNS samples, I scanned the genomic data for regions with above average FST and below 
average nucleotide diversity in the post-WNS population relative to the pre-WNS 
population. I arbitrarily chose FST and πRatio thresholds for further evaluation, examining 
segments with FST > 0.1 (in the top 0.2 % of FST values) and πRatio > 1.0005 (in the top 
1% of πRatio values). There were 136 segments that met both of these criteria (0.0079% of 
the total). By comparison, 41 randomized datasets had 3 – 1,310 segments (1.66 × 10-4 – 
0.073% of the total; median = 154 segments) that met the high FST, high πRatio criteria, 
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suggesting that the total number of high FST, high πRatio segments in the observed data did 
not differ from random expectations. High FST, high πRatio segments tended to cluster 
together in the genome more often than expected (Figure 4.3), with the median length of 
adjacent segments extending 5 kb (5 consecutive 1-kb segments) in the observed data, 
compared to a median length of 1 kb (a single, non-consecutive segment) for 32 out of 41 
randomizations, 2 kb for eight out of 41, and 3 kb for one out of 41; however, additional 
randomized datasets are necessary for a more robust statistical comparison.  
 In the observed data, adjacent regions of high FST and high πRatio formed 42 
contiguous segments, and 20 (52.3%) of these regions aligned within the span of a known 
gene. I compared this outcome to a randomized dataset with a similar number of high FST, 
high πRatio segments, and found that only 13 of 47 (27.7%) high FST, high πRatio regions 
aligned to a gene. 
Discussion 
 There were no significant changes in average nucleotide diversity or population 
genetic structure between the two time periods that would signal a substantial influx of 
migrants into the region following declines from WNS. For cytochrome b, a 
mitochondrial locus known to be geographically structured across eastern North America 
in the pre-WNS population (Chapter 3), there was significant population genetic structure 
between the two sampling locations and significantly more diversity at Barton Hill than 
Williams Hotel in the post-WNS period. By contrast, neither structure nor difference in 
nucleotide diversity were significant in the pre-WNS period between the two locations. 
Because there were fewer samples sequenced at cytochrome b in the pre-WNS period, it 
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is possible that there was structure between the two sites in the pre-WNS period that was 
not detected because of lower statistical power. A relatively large sample size indicated 
no population genetic structure or differences in nucleotide diversity between the two 
sampling periods however, and it is unlikely that the differences between the two 
locations signal an overall change in bat populations over time. The finding of the single 
haplotype in the post-WNS period representing a lineage that was absent from the pre-
WNS period is not likely representative of an influx of migrants large enough to account 
for stabilization of the population. Furthermore, genome-wide nucleotide diversity 
between the two periods did not significantly differ from those of randomized datasets, 
and genome-wide FST was low and non-significant, indicating no evidence of the 
genome-wide changes that are expected from demographic processes such as migration 
and small population size.  
 Because of the large number of SNPs and low sample size, there were thousands 
of loci with fixed or nearly fixed differences between pre-WNS and post-WNS samples; 
however, there were no more than expected by random chance. Because little brown 
myotis can live up to several decades and have only a single pup a year (Brunet-Rossinni 
& Austad 2004; Wilkinson & South 2002), there have been too few generations since the 
emergence of WNS for a de novo mutation conferring resistance to sweep through the 
population; thus if there were a genetic component to survival from WNS, alleles 
associated with resistance would have been present in the population before the 
introduction of the WNS pathogen. For this reason I did not expect differences in allele 
frequencies at resistance loci between the two time periods to have become fixed, but 
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rather to have changed in frequency. If a subset of alleles associated with resistance has 
increased in frequency under selection, nucleotide diversity at physically linked sites 
should have decreased. I used this theoretical prediction to identify candidate genomic 
regions that may have responded to selection from WNS, and identified 136 segments 
assembled into 42 regions that exceeded arbitrarily set thresholds for FST and ratio of 
nucleotide diversity between pre-WNS and post-WNS samples. The number of segments 
that exceeded this threshold fell within the range of that of randomly assigned groups, but 
loci with high FST and relatively low nucleotide diversity in the post-WNS population 
were adjacent to one another more often, and extended over larger regions of the genome 
compared to randomly assigned groups. Although data from more individuals are 
necessary to thoroughly investigate the question of whether alleles associated with 
resistance exist and have shifted in frequency since WNS, these preliminary findings 
offer some suggestion of an evolutionary response to WNS. 
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Table 4.1. 
Predictions for FST and nucleotide diversity (π) in comparisons between pre-WNS and post-WNS samples 
under hypotheses that A) bats have immigrated into the region, B) the population has lost genetic diversity 
because of a bottleneck, and C) post-WNS survivors have heritable resistance to mortality from WNS. FST 
and π outlier loci are loci with both high FST between time periods and lower π in the post-WNS period. 
 
 A) Immigration B) Bottleneck C) Selection 
Genome-wide FST Significant Significant Not significant 
Genome-wide π Higher in post-WNS Lower in post-WNS No difference 
FST and π outlier 
loci 
Absent Absent Present 
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Table 4.2. 
ΦST and nucleotide diversity (π) at cytochrome b between bats from Barton Hill Mine (BHNY) and Williams 
Hotel Mine (WLNY) sampled in 2008 (Pre-WNS) and 2013 (post-WNS). 
 
Comparison ΦST π 
Pre-Post -0.00925 -0.01176 
BHNY-WLNY 0.02719** 0.03449** 
BHNYPre – BHNYPost -0.02392 -0.03111 
WLNYPre - WLNYPost 0.00323 -0.00704 
BHNYPre - WLNYPre -0.02211 -0.02745 
BHNYPost - WLNYPost 0.04125** 0.05366** 
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Table 4.3. 
Whole genome sequence statistics for little brown myotis samples at Barton Hill Mine (BHNY), and 
Williams Hotel Mine (WLNY), New York in 2008 (pre-WNS) and 2013 (post-WNS). 
 
Individual Sex Location 
WNS 
Period 
Polymorphic 
sites 
sequenced 
Mean 
depth Sites × depth 
BHNY107 F BHNY Post 26729040 1.96 52440772.74 
BHNY108 F BHNY Post 19531383 1.62 31799630.6 
BHNY110 F BHNY Post 23238920 1.97 45006119.2 
BHNY117 F BHNY Post 19701046 1.68 33120610.49 
BHNY122 F BHNY Post 20726648 1.77 36410917.07 
BHNY129 M BHNY Post 20402685 1.59 32438228.88 
BHNY131 M BHNY Post 26942932 1.90 51085415.65 
BHNY150 M BHNY Post 19844694 1.68 33427394.81 
BHNY155 M BHNY Post 24924775 1.97 49103052.99 
WLNY101 M WLNY Post 21672074 1.58 34201566.86 
WLNY102 M WLNY Post 13704359 1.48 20217492.66 
WLNY103 M WLNY Post 15912818 1.61 25603883.29 
WLNY104 M WLNY Post 15076193 1.52 22932095.65 
WLNY105 F WLNY Post 19887524 1.70 33729439.58 
WLNY106 M WLNY Post 22166288 1.83 40654523.83 
WLNY119 F WLNY Post 16340530 1.52 24793976.38 
WLNY155 F WLNY Post 19459682 1.64 31989187.45 
BHNY11 M BHNY Pre 13639360 1.50 20426441.93 
BHNY12 F BHNY Pre 23510283 1.80 42337552.73 
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Table 4.3 (cont.) 
BHNY14 M BHNY Pre 22300873 1.85 41166519.52 
BHNY15 F BHNY Pre 16220998 1.59 25822855.56 
BHNY16 M BHNY Pre 25044355 1.93 48282761.56 
BHNY17 M BHNY Pre 18506951 1.64 30277001.7 
BHNY23 F BHNY Pre 11435800 1.35 15392243.73 
BHNY27 M BHNY Pre 18829828 1.60 30103434.32 
WLNY12 F WLNY Pre 19074250 1.65 31511233.23 
WLNY13 F WLNY Pre 18419428 1.64 30277487.36 
WLNY14 F WLNY Pre 23470661 1.95 45824353.24 
WLNY15 F WLNY Pre 19864610 1.65 32865798.6 
WLNY16 M WLNY Pre 18276789 1.68 30729313.65 
WLNY17 M WLNY Pre 21423858 1.71 36634368.7 
WLNY18 M WLNY Pre 21508306 1.68 36195467.84 
WLNY19 M WLNY Pre 19813845 1.71 33958156.39 
WLNY20 M WLNY Pre 26220592 1.98 51970524.37 
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Figure 4.1. 
Haplotype network for the mitochondrial cytochrome b gene of little brown myotis sampled before (“pre-WNS”) 
and after (“post-WNS”) massive declines from WNS. Pie sizes correspond to the frequency of haplotypes. Each 
line segment represents a single base change between haplotypes. Open circles are unobserved haplotypes. Pie 
colors correspond to the sampling period. 
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Figure 4.2. 
A) Distribution of FST values between little brown myotis sampled pre-WNS and post WNS for 43 million SNPs 
across the genome. Observed data are shown in black, 100 randomized datasets with individuals randomly 
assigned to groups are shown in color. B) Ratio of observed frequency of FST values relative to expected based 
the average frequency of FST values of randomized data. 
	    
0.0001 
0.001 
0.01 
0.1 
1 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
Pr
op
or
tio
n 
of
 S
N
Ps
 
FST bin 
A	  
0.88 
0.9 
0.92 
0.94 
0.96 
0.98 
1 
1.02 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 
O
bs
er
ve
d/
Ex
pe
ct
ed
 
FST bin 
B	  
	  	  
116 
 
Figure 4.3. 
Frequency distribution of the length of adjacent, 1-kb segments with high FST and low post-WNS nucleotide 
diversity between little brown myotis sampled in 2008 (pre-WNS) and 2013 (post-WNS), shown in black, relative 
to that of the mean of 41 datasets with random group assignment, shown in gray. Error bars indicate 95% 
confidence intervals for randomized datasets. 
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Senior Wildlife Biologist: Peter Dunlevy 
2004 
Monitored, trapped and necropsied small invasive mammals for an eradication feasibility 
study. 
 
Field Technician 
Bald Eagle Nestwatch Program 
Arizona Game and Fish Department, Phoenix, AZ 
Program Coordinator: James Driscoll 
2003 
Monitored nesting behavior and feeding activity of eagles. 
 
Field Technician 
Anacapa Island Restoration Project 
Island Conservation and Ecology Group, Ventura, CA 
Program Director: Gregg Howald 
2002 
Trapped, aged, sexed and cared for endemic deer mice in captivity, ecological 
monitoring. 
 
Assistant Teacher 
Ocean Explorers Summer Camp 
Seymour Center at Long Marine Lab, Santa Cruz, CA 
Supervisor: Suzanne Hebert 
2002 
Helped organize activities, aided and led lesson plans for children ages 7-14. 
 
Volunteer and Leadership Experience 
· Member of Graduate Women In Science and Engineering Mothers Group, aimed at 
promoting fair University parental leave and childcare policies  
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· Population genetics panel participant, US Fish and Wildlife Service, Fall 2012/Spring 
2013- contributed to data elicitation phase for status review to list Myotis lucifugus under 
the Endangered Species Act 
· Mentor, BIOBUGS (Biology Inquiry and Outreach with Boston University Graduate    
Students), Spring 2012- helped teach biology lab units to Boston-area high school 
students 
· Environmental Educator, Summer 2011/12- gave guest presentations to grade school 
children in California and Massachusetts on biology, conservation and ecosystem 
services of bats 
· Mentor, Science Club for Girls, Spring 2011- led weekly science labs for 3rd grade girls 
to increase self-confidence and literacy in STEM fields 
· Volunteer, North American Amphibian Monitoring Project, Spring 2009- participated in 
a citizen-science project to monitor amphibians in New York State 
· Graduate student representative, Colorado State University, Spring 2006 
 
Publications 
Wilder AP, Frick WF, Langwig KE, Kunz TH. (2011). Risk factors associated with 
mortality from white-nose syndrome among hibernating bat colonies. Biology Letters. 
7: 950-953. 
Wilder AP, Kiviat E (2008). The functions of forests and effect of impervious surfaces 
on stream health and water quality, with applications to the Croton watershed. 
Hudsonia, Ltd. Report to the Croton Watershed Clean Water Coalition. December 10, 
2008. 
Wilder AP, Kiviat E (2008). The functions and importance of forests, with applications 
to the Croton and Catskill/Delaware watersheds. Hudsonia, Ltd. Report to the Croton 
Watershed Clean Water Coalition. October 6 2008. 
Eisen RJ, Borchert JN, Holmes JL, Amatre G, Van Wyk K, Enscore RE, Babi N, Atiku 
L, Wilder AP, Vetter SM, Bearden SW, Montenieri JA, Gage KL (2008). Early-
phase transmission of Yersinia pestis by cat fleas (Ctenocephalides felis) and their 
potential role as vectors in a plague endemic region of Uganda. American Journal of 
Tropical Medicine and Hygeine. 78:949-956. 
Wilder AP, Eisen RJ, Bearden SW, Montenieri JA, Tripp DW, Brinkerhoff RJ, Gage 
KL, Antolin MF (2008). Transmission efficiency of two flea species (Oropsylla 
tuberculata cynomuris and Oropsylla hirsuta) involved in plague epizootics among 
prairie dogs. Ecohealth. 5(2) 205-212. 
Wilder AP, Eisen RJ, Bearden SW, Montenieri JA, Gage KL, and Antolin MF (2008). 
Oropsylla hirsuta (Siphonaptera: Ceratophyllidae) can support plague epizootics in 
black-tailed prairie dogs (Cynomys ludovicianus) by early-phase transmission of 
Yersinia pestis. Vector-Borne and Zoonotic Diseases. 8(3) 359-368. 
Wilder AP (2007). Transmission of the plague bacterium Yersinia pestis by the prairie 
dog fleas Oropsylla hirsuta and Oropsylla tuberculata cynomuris (Siphonaptera: 
Ceratophyllidae). M.S. Thesis. Colorado State University, Fort Collins. 
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Eisen RJ, Wilder AP, Bearden SW, Montenieri JA, and Gage KL (2007). Early-phase 
transmission of the plague agent, Yersinia pestis, by unblocked oriental rat fleas, 
Xenopsylla cheopis, is as efficient as transmission by blocked fleas. Journal of 
Medical Entomology. 44:678-682. 
Salkeld DJ, Eisen RJ, Stapp P, Wilder AP, Lowell J, Tripp DW, Albertson D, Antolin 
MF (2007). The potential role of swift foxes and their fleas in plague-prairie dog 
outbreaks. Journal of Wildlife Diseases. 43: 425-431. 
Eisen RJ, Bearden SW, Wilder AP, Montenieri JA, Antolin MF, Gage KL (2006). Early-
phase transmission of Yersinia pestis by unblocked fleas as a mechanism explaining 
rapidly spreading plague epizootics. Proceedings of the National Academy of 
Sciences of the United States of America. 103: 15380-15385. 
 
Presentations 
Phylogeography of Myotis lucifugus using high throughput sequencing: Implications for 
disease spread and conservation of diversity (talk). North American Symposium on 
Bat Research. October 24-27, 2012. San Juan, PR. 
Does diversifying selection in big brown bats (Eptesicus fuscus) maintain 
phylogeographic structure at β-globin loci? (poster). North American Symposium on 
Bat Research. October 26-30, 2011. Toronto, ON. 
Risk factors associated with the spread of WNS among hibernating bat colonies (talk). 
White-Nose Syndrome Symposium, 2011. May 17-19, 2011. Little Rock, AR. 
Risk factors associated with the spread of WNS among hibernating bat colonies (talk). 
Western Bat Working Group. April 3-7, 2011. Las Vegas, NV. 
Hibernaculum-level covariates associated with the timing of WNS-related mortality 
(poster). North American Symposium on Bat Research. October 27-30, 2010. Denver, 
CO. 
Investigations into disease dynamics of WNS (talk). Evolution and Ecology of Infectious 
Diseases Modeling Workshop. June 6-9, 2010. 
Assessment of population genetic structure of little brown myotis (Myotis lucifugus) to 
predict the spread of white-nose syndrome (talk). 2010 White-nose Syndrome 
Symposium. May 25-27, 2010. Pittsburgh, PA. 
Early-phase transmission of plague bacilli (Yersinia pestis) by Oropsylla hirsute and 
Oropsylla tuberculata cynomuris, and its implications for the rapid spread of 
epizootics among prairie dogs (poster). The International Conference on Diseases in 
Nature Communicable to Man. August 12-14, 2007:  Madison, WI 
Early-phase transmission of plague bacilli (Yersinia pestis) by Oropsylla hirsute and 
Oropsylla tuberculata cynomuris, and its implications for the rapid spread of 
epizootics among prairie dogs (poster). Institute of Medicine Vector-borne Diseases 
Workshop. June 19-20, 2007: Fort Collins, CO 
Early-phase transmission of Early-phase transmission of Yersinia pestis by prairie dog 
fleas (talk). Centers for Disease Control and Prevention Science Day. March 27, 
2007: Fort Collins, CO 
	  	  
141 
Early-phase transmission of Yersinia pestis in an unblocked prairie dog flea Oropsylla 
hirsuta (poster). Colorado State University Zoonotic Disease Research Colloquium. 
October 30-31, 2006: Fort Collins, CO   
Early-phase transmission of Yersinia pestis in an unblocked prairie dog flea Oropsylla 
hirsuta (poster). Long-Term Ecological Research All Scientists Meeting. September 
2006: Fort Collins, CO 
Early-phase transmission of Yersinia pestis in an unblocked prairie dog flea Oropsylla 
hirsuta (poster). Ecology and Evolution of Infections Diseases Conference. May 
2006: State College, PA 
 
Grants and Awards 
Morris Animal Foundation Wildlife Grant. Assessing risk of white-nose syndrome in 
North American bat populations- a molecular genetics approach. 2010 – 2014. 
$196,759 
American Society of Mammalogists Grants in Aid of Research. Assessing population 
genetic structure and gene flow in little brown myotis (Myotis lucifugus) to predict 
the spread of white-nose syndrome. 2010. $1,500 
National Science Foundation, Ecology and Evolution of Infectious Diseases Workshop. 
2010. $1,000 
George R. Bernard, Jr. Travel Award. 2011. $260 
George R. Bernard, Jr. Travel Award. 2012. $210 
Department of Biology, Boston University Clare Boothe Luce Fellowship Nominee. 
2012. 
Boston University Graduate Student Organization Travel Award. 2013. $500 
Basically Bats Wildlife Conservation Society Student Research Scholarship. Measuring 
the loss of genetic diversity in eastern little brown myotis (Myotis lucifugus) 
following declines from white-nose syndrome. 2013. $5,000 
